Processes controlling the composition of seafloor hydrothermal fluids in silicic back-arc or near-arc crustal settings remain poorly constrained despite growing evidence for extensive magmatic-hydrothermal activity in such environments. We conducted a survey of vent fluid compositions from two contrasting sites in the Manus back-arc basin, Papua New Guinea, to examine the influence of variations in host rock composition and magmatic inputs (both a function of arc proximity) on hydrothermal fluid chemistry. Fluid samples were collected from felsic-hosted hydrothermal vent fields located on Pual Ridge (PACMANUS and Northeast (NE) Pual) near the active New Britain Arc and a basalt-hosted vent field (Vienna Woods) located farther from the arc on the Manus Spreading Center. Vienna Woods fluids were characterized by relatively uniform endmember temperatures (273-285°C) and major element compositions, low dissolved CO 2 concentrations (4.4 mmol/kg) and high measured pH (4.2-4.9 at 25°C). Temperatures and compositions were highly variable at PACM-ANUS/NE Pual and a large, newly discovered vent area (Fenway) was observed to be vigorously venting boiling (358°C) fluid. All PACMANUS fluids are characterized by negative dD H 2 O values, in contrast to positive values at Vienna Woods, suggesting substantial magmatic water input to circulating fluids at Pual Ridge. Low measured pH (25°C) values ($2.6-2.7), high endmember CO 2 (up to 274 mmol/kg) and negative d 34 S H 2 S values (down to À2.7&) in some vent fluids are also consistent with degassing of acid-volatile species from evolved magma. Dissolved CO 2 at PACMANUS is more enriched in 13 C (À4.1& to À2.3&) than Vienna Woods (À5.2& to À5.7&), suggesting a contribution of slab-derived carbon. The mobile elements (e.g. Li, K, Rb, Cs and B) are also greatly enriched in PACMANUS fluids reflecting increased abundances in the crust there relative to the Manus Spreading Center. Variations in alkali and dissolved gas abundances with Cl at PACMANUS and NE Pual suggest that phase separation has affected fluid chemistry despite the low temperatures of many vents. In further contrast to Vienna Woods, substantial modification of PACMANUS/NE Pual fluids has taken place as a result of seawater ingress into the upflow zone. Consistently high measured Mg concentrations as well as trends of increasingly non-conservative SO 4 behavior, decreasing endmember Ca/Cl and Sr/Cl ratios with increased Mg indicate extensive E-mail addresses: ereeves@whoi.edu, reeves@uni-bremen.de (E.P. Reeves).
INTRODUCTION
Hydrothermal systems situated in back-arc basins share many common physical and chemical processes with their mid-ocean ridge (MOR) counterparts, including waterrock reaction, magmatic volatile degassing, phase separation and subsurface mixing of fluids. In back-arc systems, however, the proximity to a subduction zone and eruption of magmas with higher water contents relative to mid-ocean ridge basalt (MORB) results in a broader range of degassed volatiles capable of influencing hydrothermal fluid chemistry (de Ronde, 1995; Ishibashi and Urabe, 1995; Yang and Scott, 2006) . In contrast to MOR settings, where CO 2 is the dominant volatile degassed, the exsolution of large quantities of H 2 O and CO 2 from silicic magmas can be accompanied by acid-volatile species such as SO 2 , HCl and HF. Subsequent entrainment of water-rich magmatic fluids into existing hydrothermal circulation cells could substantially lower pH, thereby influencing the transport of dissolved metals and styles of crustal alteration (Gamo et al., 1997 (Gamo et al., , 2006 Gena et al., 2001; Yang and Scott, 2006) . Moreover, magmatic fluids have long been proposed as an additional source of economically important metals (i.e. Cu, Zn, Ag and Au) in excess of that feasible by rock leaching alone Scott, 1996, 2006; Sun et al., 2004; Simmons and Brown, 2006) . Many large volcanic-hosted massive sulfide deposits (Kuroko-type) are thought to have formed in arc and back-arc magmatic-hydrothermal settings (Franklin et al., 1981; Herzig and Hannington, 1995) . Thus, models for the formation of metal sulfide deposits in back-arc environments require an understanding of the role of magmatic fluids in metal transport and deposition.
Discharge of magmatic fluids directly into the water column has been observed above submarine arc volcanoes Nakagawa et al., 2006; Lupton et al., 2008) and seamounts (Cheminée et al., 1991; Gamo et al., 1993; de Ronde et al., 2005; Resing et al., 2007 Resing et al., , 2009 , and contributions of magmatic acid-volatile species and water to hydrothermal fluids have been reported in a few locations (Sedwick et al., 1992; McMurtry et al., 1993; Gamo et al., 1997; Zengqian et al., 2005; Nakagawa et al., 2006) . In general, however, vent fluids from active magmatic-hydrothermal systems hosted in felsic crust have been historically under-sampled despite the prevalence of hydrothermal activity associated with back-arc volcanism in the western Pacific (Ishibashi and Urabe, 1995) . Consequently, factors influencing the formation of vent fluid compositions in these environments are poorly constrained.
In 1999 the Ocean Drilling Program (ODP) drilled into an active felsic-hosted hydrothermal system at the PACM- Tivey et al., 2006.) complex system affected by both temporally variable magmatic acid-volatile inputs and subsurface mixing of hydrothermal fluids with seawater Roberts et al., 2003; Lackschewitz et al., 2004; Paulick et al., 2004; Paulick and Bach, 2006; Binns et al., 2007) . In addition to magmatic inputs, pervasive entrainment and mixing of seawater in the subsurface, as indicated previously by ODP Leg 193, may also therefore be an important process that influences vent fluid chemistry in back-arc hydrothermal systems.
In 2006 we conducted a detailed chemical and isotopic survey of vent fluid compositions at the near-arc hydrothermal fields PACMANUS and Northeast Pual (both located on Pual Ridge near the New Britain Arc), and the b a c Fig. 2 . SM2000 bathymetry of the Vienna Woods hydrothermal field (a) and the northern (b) and southern (c) portions of the PACMANUS hydrothermal field (adapted from Tivey et al., 2006) . Sampled vents are denoted by solid triangles (moderate to high temperature focused flow), or open triangles (low temperature (<80°C) vents). Each discrete vent is given an identifier abbreviating the vent area (VW, Vienna Woods; RMR, Roman Ruins; RGR, Roger's Ruins; SM, Satanic Mills; SC, Snowcap; TK, Tsukushi; F, Fenway). Locations of the ODP Leg 193 drillholes (Sites 1188, 1189 and 1191, from Binns et al., 2007) are shown as open circles.
basalt-hosted Vienna Woods field (located farther from the arc on the Manus Spreading Center) to examine the effects of variable magmatic fluid inputs and crustal composition (both related to arc proximity) on vent fluid geochemistry. Here, we demonstrate that hydrothermal fluids at Pual Ridge have undergone a complex evolution involving multiple consecutive or concurrent processes. Fluids there are heavily influenced by variable inputs of acidic magmatic solutions to seawater-derived vent fluids at depth within the hydrothermal reservoir, in addition to water/rock reaction with felsic crust. Furthermore, phase separation/segregation effects and widespread admixing of seawater prior to venting at Pual Ridge subsequently modifies the compositions of resulting fluid mixtures and partially obscures the effects of magmatic inputs, further complicating fluid histories. In contrast, the geochemistry of vent fluids at Vienna Woods is similar in many respects to other temporally stable hydrothermal systems commonly sampled in MOR settings. This study demonstrates that the indirect effects of arc proximity can exert substantial influence on the evolution of hydrothermal fluid compositions in back-arc environments and adds to the diversity of known processes influencing vent fluid geochemistry.
GEOLOGIC SETTING
The Manus Basin is a young (ca. 3.5 Ma old), rapidly opening (up to 137 mm/year, Tregoning, 2002) back-arc basin in the northeastern portion of the Bismarck Sea (Fig. 1a) , tectonically bordered to the north by the presently inactive Manus Trench and to the south by the Willaumez Rise and the active New Britain Trench (Taylor, 1979a; Taylor et al., 1994; Lee and Ruellan, 2006) . Volcanism associated with basin extension occurs along a series of spreading centers and rifts between three major transform faults (Taylor, 1979a; Taylor et al., 1994; Martinez and Taylor, 1996) . In the center of the basin, approximately 250 km from the active New Britain Arc, spreading occurs along the 120 km long Manus Spreading Center (MSC) bounded by the Willaumez and Djual transform faults (Fig. 1a) . Predominantly MORB-like basaltic lavas erupt along the MSC (Sinton et al., 2003) and numerous areas of hydrothermal activity have been reported, the largest of which is the unsedimented Vienna Woods field (Both et al., 1986; Tufar, 1990; Lisitsyn et al., 1993) . In contrast, the eastern Manus Basin between the Djual and Weitin transform faults is an extensional transform zone within remnant Eocene-Oligocene island-arc crust formed during previous southwestward subduction along the Manus Trench (Binns and Scott, 1993; Binns et al., 2007) . As such, it is probably the precursor of a back-arc spreading center like the MSC. Volcanism associated with the incipient rifting of pre-existing intermediate/felsic crust has produced a complex series of en echelon neovolcanic ridges (such as Pual Ridge shown in Fig. 1b ) and volcanic domes on the seafloor known as the Eastern Manus Volcanic Zone (EMVZ, Fig. 1a ). Lavas erupted in these edifices vary progressively from basaltic to more evolved rhyodacitic compositions (Binns and Scott, 1993; Kamenetsky et al., 2001; Sinton et al., 2003) and they possess isotopic, major and trace element characteristics similar to subaerial volcanoes of the New Britain Arc, indicating strong arc affinities (Sinton et al., 2003; Pearce and Stern, 2006) . Due to its proximity to the New Britain Arc (<100 km), the relative influences of the mantle wedge, subducting slab and remnant arc crust on EMVZ melt production and volcanism are complex (Sinton et al., 2003; Pearce and Stern, 2006) . Several large areas of hydrothermal activity have been discovered in the EMVZ (Fig. 1a) in the last two decades. These include the DESMOS (Gamo et al., 1993 (Gamo et al., , 1997 (Gamo et al., , 2006 Auzende et al., 1997) and SuSu Knolls (Binns et al., 1997; Auzende et al., 2000; Moss and Scott, 2001; Tivey et al., 2006; Hrischeva et al., 2007) volcanic domes, and the PACMANUS hydrothermal field (Binns and Scott, 1993; Auzende et al., 1997) .
Hydrothermal vent fields

Vienna Woods
The Vienna Woods field was discovered and documented in 1990 (Tufar, 1990; Lisitsyn et al., 1993) and hydrothermal fluids were subsequently sampled between 1995 and 2000 (Auzende et al., 1996; Gamo et al., 1996a Gamo et al., ,b, 1997 Ishibashi et al., 1996; Douville et al., 1999a,b; Fourre et al., 2006) . Though the site is hosted in basalt that is compositionally similar to MORB, lavas along the MSC are variable and more intermediate compositions occur to the south and north of Vienna Woods (Shaw et al., 2004) . The rift zone itself is comprised of basaltic pillow lavas/sheet flows with minimal sediment cover and occasional 1-2 m wide along-axis fissures. Hydrothermal activity in 2006 was confined to an area of approximately 100 m by 150 m (Fig. 2a) at a water depth of 2470 m within the rift zone of the MSC ($0.5 km south of the neovolcanic zone). Three main clusters of tall sulfide structures (5-12 m high), each separated by 100-150 m and generally located near fissures, were actively venting relatively clear fluids with little visible precipitate upon mixing with seawater.
PACMANUS and Northeast Pual
The PACMANUS (Papua New Guinea-AustraliaCanada-MANUS) vent field, originally discovered during the 1991 expedition of the same name, consists of several discrete vent areas distributed over a 1.5 km section of Pual Ridge (Fig. 1b, Binns and Scott, 1993) . Pual Ridge is a 20 km long, Y-shaped neovolcanic edifice located 80 km from Rabaul Volcano on the New Britain Arc (Fig. 1b) . With a ridge crest at 1600-1700 m depth, it is 1-1.5 km in width and stands $500 m above the sedimented basaltic to andesitic seafloor of the EMVZ . Erupted lavas consist of highly vesicular and blocky dacite/ rhyodacite with some rhyolite and the ridge itself is constructed of stacked, subhorizontal flows up to 30 m thick with negligible to minor sediment cover (Binns and Scott, 1993; Paulick et al., 2004; Yang and Scott, 2005) . Based on the composition of erupted lavas, Yang and Scott (2002) proposed that the entire ridge represents a single calc-alkaline trend that may have been generated by fractional crystallization of a single volatile-rich mafic magma Sarmiento and Gruber (2006) . d Spencer et al. (1970) . e Craig (1970) . f Redfield and Friedman (1965) . g Craig and Gordon (1965) . h Rees et al. (1978) . Hydrothermal fluids from the Manus back-arc basinsource. While conclusive evidence for magma bodies beneath Pual Ridge is currently lacking, a faint and discontinuous seismic reflector was observed at $2 km depth in 2002 (Lee, 2003; Binns et al., 2007) . Based on the Cl and H 2 O contents of volcanic glasses from Pual Ridge and solubility constraints, Sun et al. (2007) also suggested that a magma chamber might be located near this depth. In contrast to Vienna Woods, meter-scale fissures are noticeably absent on the surface of Pual Ridge. Five main areas of hydrothermal activity were previously documented at PACMANUS, including Roman Ruins, Roger's Ruins, Satanic Mills, Snowcap and Tsukushi . Compositions of fluids collected at PACMANUS between 1995 and 2000 have previously been reported (Gamo et al., 1996a,b; Ishibashi et al., 1996; Douville et al., 1999a,b; Fourre et al., 2006) . The five areas are distributed at depths ranging from 1640 m to 1710 m ( Fig. 2b and 2c) . To the north, hydrothermal activity at the Roman Ruins and smaller Roger's Ruins areas in 2006 (Fig. 2b ) consisted of focused black or gray smoker fluids venting from multi-spired, sulfide chimney complexes up to 10 m tall. Areas of hydrothermal activity to the south encircle the Snowcap Dome (Fig. 2c) . Similar styles of venting through smaller sulfide structures were evident at Satanic Mills and diffuse fluid also appeared to be flowing from a nearby depression tentatively identified as the drill hole of ODP Leg 193 Site 1191A (Fig. 2c) . A 5.3°C temperature anomaly (above ambient) was measured $15 cm beneath the surface of the drilling mud/bore-hole cuttings, which were covered by a white microbial mat (Tivey et al., 2006) . Sulfide structures at Tsukushi were found to be largely inactive in 2006 and only a single low temperature fluid (62°C) exiting from an oxide mound fissure was sampled. The Snowcap vent area is a broad knoll of mostly diffuse venting with a small area of moderate temperature (6180°C) focused venting confined to the western flank (Fig. 2c) . In contrast to the Roman/Roger's Ruins, Satanic Mills and Tsukushi areas, where sulfide structures are located atop rugged surficial lava flows, the Snowcap area is heavily sedimented with hydrothermal precipitate/volcaniclastic debris and lava outcrops are rare. Several outcrops of heavily bleached rocks cemented with native sulfur were observed near active vents in 2006, presumably reflecting previous advanced argillic alteration by acid-sulfate type fluids (Brimhall and Ghiorso, 1983; Gena et al., 2001; Binns et al., 2007) . However, no 'white smoker' activity similar to that observed at the DESMOS caldera site (Gamo et al., 1997 (Gamo et al., , 2006 was evident anywhere on Pual Ridge. A new site, Fenway, was discovered $200 m south of Satanic Mills at 1710 m depth during this expedition (Fig. 2c) . The core area of the Fenway site is a 40 m diameter two-tiered mound composed of chimney debris, massive anhydrite-sulfide breccia and coarse anhydrite sand. At its summit (1710 m depth), a large black smoker chimney complex was found to be vigorously venting the highest temperature fluids (358°C) observed at the PACMANUS field to date. Several areas of diffuse venting, including some emanating from anhydrite sand/talus, and occasional gray/black smoker fluids were observed on the flanks of the mound.
Another discrete area of hydrothermal activity was also discovered $8 km northeast of PACMANUS on Pual Ridge during this expedition and named Northeast (NE) Pual (Fig. 1b) . Fluids venting at NE Pual were predominantly low temperature/diffuse in nature in 2006 and only a single fluid with a maximum temperature of 35°C was sampled. The presence of extensive biological activity (snails, shrimp, mussel beds and microbial mats), numerous inactive sulfide chimneys and lack of higher temperature venting suggests hydrothermal activity in this area is waning.
METHODS
Sample collection
All hydrothermal fluid samples were collected during the July-August 2006 MGLN06MV expedition to the Manus Basin aboard the R/V Melville. Fluids were collected using 150 mL titanium isobaric gas-tight (IGT) fluid samplers (Seewald et al., 2002) and 755 mL titanium syringe-style 'major' samplers (Von Damm et al., 1985) deployed from the ROV Jason II. Two to three fluid samples were taken per discrete vent at all sites visited (typically two IGT samplers and one 'major' sampler) resulting in a total of 57 samples from 21 discrete vents at Vienna Woods and Pual Ridge (Table 1) . In most cases, fluids were sampled immediately after removing sulfide chimney structures. The temperatures of fluids collected with IGT samplers were monitored in real-time during collection using thermocouple temperature probes mounted adjacent to sampler snorkel tips. Only maximum temperatures for a given vent fluid are reported (uncertainty ±2°C) and temperatures were not measured in real time during deployment of the 'major' samplers.
After recovery of the ROV, fluid samples were processed on board the ship as soon as possible (typically within 12 h). Fluids from IGT samplers were used for the analysis of both volatile (H 2 , CH 4 , CO, CO 2 , H 2 S) and dissolved inorganic constituents, whereas only the latter were analyzed from the 'major' samplers as they are not gas-tight. Fluid aliquots for major element (Na, Cl, Ca, K, SiO 2 , SO 4 , Br, F) and trace metal (Fe, Mn, Li, B, Sr, Rb, Cs) determination were transferred to acidcleaned high-density polyethylene (HDPE) Nalgenee bottles and analyzed onshore. Aliquots for trace metal analysis were acidified with analytical-grade Optima Ò HCl prior to storage. Subsamples of acidified aliquots were diluted 100-fold onboard ship and stored for shore-based measurement of aqueous silica (SiO 2 ). Prior to storage, separate fluid aliquots were sparged with N 2 to remove all dissolved H 2 S for analysis of SO 4 concentration and S isotopic composition (d 34 S SO 4 
Analytical methods
Aqueous H 2 , CH 4 and CO concentrations were determined onboard ship by molecular sieve gas chromatography (GC) with thermal conductivity detection (for H 2 and CH 4 ) and helium ionization detection (for CO) following a syringe headspace extraction. pH (at 25°C, 1 atm) was measured potentiometrically onboard ship using a Ag/ AgCl combination reference electrode. Concentrations of total dissolved sulfide (RH 2 S, hereafter abbreviated as H 2 S) were determined gravimetrically at WHOI following shipboard precipitation as Ag 2 S in a 5 wt% AgNO 3 solution. Ag 2 S precipitates were stored in AgNO 3 solution for d 34 S analysis of H 2 S (d 34 S H 2 S ). CO 2 concentrations were determined onshore after acidification of fluids with 25 wt% phosphoric acid by injecting aliquots of headspace gas directly onto a GC with a Porapake Q packed column and a thermal conductivity detector. These data were corrected to account for CO 2 partitioning between the headspace and fluid phases within each individual serum vial. Dissolved gas concentrations are expressed in concentration units of either mmol/L fluid (H 2 S, H 2 , CO and CH 4 ) for gases analyzed at sea or mmol/kg fluid (CO 2 ) for species analyzed in shore-based laboratories. The analytical uncertainty (2s) is ±10% for H 2 , CH 4 , CO and H 2 S concentrations, ±5% for CO 2 concentrations and ±0.02 for pH (25°C) measurements.
The concentrations of the major elements were determined by ion chromatography. Concentrations of Sr, Li, Rb, Cs, Fe, Mn and Al were determined by inductively coupled plasma-mass spectrometry (ICP-MS) at WHOI (see Craddock (2008) for details). To correct for the effects of sulfide precipitate formation within the fluid samplers, reported Fe data represent the 'total' concentrations obtained by summation of the dissolved and precipitated Fe fractions from a given sampler (Trefry et al., 1994; Craddock, 2008) . Dissolved SiO 2 and B concentrations were determined by inductively coupled plasma-optical emission spectrometry (ICP-OES) at the University of South Florida. The analytical uncertainty (2s) is ±5% for Na, Cl, Ca, K, SO 4 , Br, and F concentrations, ±10% for Sr, Li, Rb, Cs, Fe, Mn and Al concentrations and ±2% for SiO 2 and B concentrations. d 13 C CO 2 and d 13 C CH 4 values were determined at WHOI on a subset of samples by isotope ratio monitoring-gas chromatography mass spectrometry (irm-GC/MS) using a Finnigan Delta Plus XL mass spectrometer interfaced to an Agilent 6890 gas chromatograph through a GCCIII interface (combustion furnace was held at 950°C for carbon isotope analysis). The pooled standard deviation (1s) (0.70916, Banner, 2004) . With the exception of 87 Sr/ 86 Sr, all stable isotope data are reported using standard delta notation. For the isotope of interest, A, dA is defined by the following expression:
Where R S and R STD are the isotope ratios of the sample and standard, respectively. (Shanks et al., 1995; Shanks, 2001 ).
Calculation of endmember compositions
The fluid samplers used in this study have finite snorkel and valve dead volumes that were filled with bottom seawater prior to deployment. Vent fluids can mix with seawater prior to venting at the seafloor either within vent structures or elsewhere in the subseafloor plumbing system and/or accidentally during the sampling process. Hence, the composition of collected fluids invariably reflects two-component mixing of seawater and a hydrothermal fluid 'endmember'. The endmember is conventionally assumed to be devoid of Mg for all practical purposes, reflecting the composition of pure hydrothermal fluids prior to any seawater admixing. This assumption is based on experimental evidence for near-quantitative removal of Mg from seawater during hydrothermal interactions with basalt, andesite, and rhyolite at reaction zone conditions typical of seafloor hydrothermal systems (Bischoff and Dickson, 1975; Mottl and Holland, 1978; Seyfried and Bischoff, 1981; Hajash and Chandler, 1982; Shiraki et al., 1987; Ogawa et al., 2005) . In most cases, absolute Mg concentrations in typical MOR vent fluids considered to be endmembers are not resolvable from inherent sampler dead volume contributions.
It has been suggested that the highly acidic nature of many back-arc basin fluids may reverse Mg removal reactions, thereby invalidating the assumption that a near-zero Mg composition exists in the subsurface (Gamo et al., 1997; Douville et al., 1999a; Butterfield et al., 2003) . As presented below, however, hotter fluids within each Pual Ridge vent area invariably have lower Mg concentrations, and the hottest fluids sampled overall have <10% of the seawater Mg value (Table 1) . These trends are consistent with twocomponent mixing between seawater and a hydrothermal endmember depleted in Mg. For the purposes of our interpretations, we therefore assume that Mg in our samples is predominantly derived from either subsurface or sampling-related seawater entrainment and our endmember compositions are arbitrarily assumed to contain zero Mg. The possibility that some small fraction of the observed Mg concentrations may not be seawater-derived is discussed later, but our interpretations would not change significantly if all our endmember compositions were calculated at the lowest Mg concentration in each vent fluid (as proposed by Douville et al. (1999a) ). While such an approach more accurately reflects compositions venting at the seafloor, it is equally arbitrary, only minimizes the effect of sampling-related entrainment and is therefore equivocal as to the origin of high Mg concentrations. Because subsurface seawater entrainment invariably results in dilution or concentration effects, use of endmember compositions calculated at differing Mg concentrations would complicate interpretation of species that behave conservatively during this process. By consistently using zero Mg compositions, the abundances of conservative species prior to seawater admixing are more accurately represented. In addition, trends in anomalous calculated endmember values with Mg concentrations are useful in indicating where and how subsurface seawater entrainment has modified the original endmember compositions of non-conservative species through associated reactions, even if calculated endmembers for such species may not represent real compositions.
All endmember values referred to hereafter are calculated by extrapolating measured concentrations of individual species in multiple fluid samples from a given vent orifice to zero Mg concentration using a linear least squares regression weighted to pass through ambient bottom seawater concentrations (Tables 1 and 2 , Von Damm et al., 1985 Albarède et al. (1981) . Where the effects of subsurface seawater entrainment obscure com- parisons of true endmember concentrations, we only discuss zero Mg endmembers calculated from fluids which have the lowest Mg concentrations in a given vent field on the assumption that these fluids most closely resemble true endmembers prior to entrainment-related modification. However, where it assists in deconvolving the effects on endmember compositions of processes solely related to subsurface seawater entrainment, species concentrations calculated at the lowest Mg concentration measured for a fluid (referred to as 'minimum Mg') are sometimes used in addition to the zero Mg endmembers.
RESULTS
Temperature
Focused high-temperature fluids with near zero measured Mg concentrations were sampled from each of the three main structures at Vienna Woods ( Fig. 2a and Table 1 ). The three fluids exhibited a narrow range of temperatures (273-285°C) and endmember compositions (Tables 1 and 2 ) despite being located 100-150 m apart, suggesting that the Vienna Woods field is fed by a common source fluid. Though pH (25°C) and endmember fluid compositions have remained relatively constant since previous expeditions, slightly hotter maximum temperatures (302 and 292°C) were measured in 1995 and 2000, respectively (Lisitsyn et al., 1993; Auzende et al., 1996; Gamo et al., 1997; Douville et al., 1999a; Fourre et al., 2006) . In general, almost all aspects of the chemistry of fluids venting at Vienna Woods are similar to observations from basalt-hosted hydrothermal systems in MOR settings (Von Damm, 1995; German and Von Damm, 2003) .
At Pual Ridge, focused fluids were sampled from 17 discrete orifices at PACMANUS ( Fig. 2b and 2c ) and one diffusely venting structure at NE Pual (Fig. 1b) . Vent fluids sampled at Pual Ridge in 2006 show a wider range of temperatures than were observed at Vienna Woods (Tables 1  and 2 ). The hottest fluids were observed at the summit of the Fenway mound, where samples taken at F2 and F3 vents had maximum temperatures of 343 and 358°C, respectively (Table 1 ). Fluids at F3 vent exhibited a 'flashing' phenomenon whereby exiting fluid was highly reflective under ROV lighting, but changed to smoke-like precipitate Sarmiento and Gruber (2006) . b Spencer et al. (1970) . c Craig (1970) . d Redfield and Friedman (1965) . e Craig and Gordon (1965) . a few cm above the vent orifice. The phenomenon can be attributed to vigorous 2-phase fluid venting (Massoth et al., 1989; Hannington et al., 2001; Stoffers et al., 2006) . At a depth of 1710 m ($171 bar pressure) the fluid at F3 lies on the 2-phase boundary for a 3.2 wt% NaCl solution (Bischoff and Rosenbauer, 1985) , consistent with subcritical boiling (Fig. 3) . Measured temperatures at other vent areas on Pual Ridge were considerably lower than this, ranging from 35 to 343°C.
Mg and SO 4
For most IGT samples taken at Vienna Woods, Mg concentrations are less than 1.6 mmol/kg (the estimated maximum contribution of 'dead volume' seawater Mg for the sampler type (<4 mL, Seewald et al., 2002) ) and are therefore consistent with venting of near zero Mg fluids at the seafloor. Measured Mg concentrations from all IGT samples collected at Pual Ridge (3.63-50.6 mmol/kg), however, are greater than the dead volume contribution (Table 1) , suggesting entrainment of seawater. Many fluids sampled with both IGT and 'major' samplers have three near-identical measured Mg concentrations for different sampler types (RMR1, SM3, SC2, TK1, F2 and NP1 in Table 1 ). Sample sets from other vent fluids have two similar Mg values with a third (often suspected of accidental seawater entrainment during sampling) having much higher Mg (RMR2, RGR2, SC1, F1, F3, F4 and F5). It is unlikely that such consistently high Mg concentrations in repeat samples of a given vent fluid (with different sampler types) could be the result of accidental entrainment of near-identical amounts of seawater during each sampling event. Therefore, these observations indicate that most, it not all, fluids exiting at the seafloor at Pual Ridge contain high concentrations of Mg relative to Vienna Woods fluids where Mg is near zero. Fluid samples taken at PACMANUS in 1995 also contained high Mg concentrations (Gamo et al., 1996a; Douville et al., 1999a; Fourre et al., 2006) and do not suggest the presence of a near zero Mg fluid venting at the seafloor at that time either. The hottest fluids in any given vent area at Pual Ridge invariably have the lowest Mg concentrations and samples containing less than 10% of seawater Mg were taken from vents with temperatures greater than 300°C (Table 1) .
For all Vienna Woods samples, both measured Mg and SO 4 concentrations decrease linearly to near zero (Fig. 4) . In contrast, SO 4 abundances in Pual Ridge vent fluids deviate from this behavior toward both positive and negative apparent endmember SO 4 concentrations. d 34 S SO 4 values for all Pual Ridge fluids (Table 1) lie within a narrow range (+20.1& to +21.8&) indicative of seawater-derived SO 4 (+20.99&, Rees et al., 1978) . As all SO 4 is likely seawater-derived, endmember SO 4 concentrations are not explicitly calculated. Combined with high measured Mg concentrations, the predominance of seawater SO 4 suggests that many, if not all, fluids venting as focused flow at the seafloor at Pual Ridge entrained seawater prior to exiting. Low temperature fluids at Fenway (F5, 80°C) and NE Pual (NP1, 35°C) have SO 4 concentrations that are similar to or slightly greater than ambient seawater, but Mg concentrations that are lower (Table 1 and Fig. 4 ). Samples from both fluids therefore display positive deviations from the trends observed at Vienna Woods and Pual Ridge.
pH
Endmember pH values were not calculated because of the numerous reactions that modify pH during subsurface and/ or sampling-related seawater entrainment. The pH's (measured at 25°C) in low Mg (<5 mmol/kg) samples from Vienna Woods are mildly acidic (4.2-4.9) and are within the range of values previously measured in 1995 and 2000 (Gamo et al., 1997; Fourre et al., 2006) . In contrast, the pH of all PACMANUS fluid samples ranges from 2.3 to 5.9 (Table 1 ) and all high temperature (>250°C) samples (excluding those suspected of entrainment during sampling) fall within a narrow range of 2.3-3.0. This range overlaps the lowest pH measured at PACMANUS in 1995 (2.63 for a 268°C fluid, Fourre et al., 2006) and is comparable to values previously reported for other arc/back-arc hydrothermal systems (Fouquet et al., 1991a (Fouquet et al., , 1993 Gamo et al., 1997; Nakagawa et al., 2006; Takai et al., 2008) . The low temperature NE Pual fluid (NP1) had relatively high pH (6.9).
H 2 , H 2 S, CH 4 , CO and CO 2
In general, endmember concentrations of H 2 , H 2 S, CH 4 and CO 2 in Vienna Woods fluids are uniform and relatively low compared to the known range of MOR fluid compositions (Von Damm, 1995; German and Von Damm, 2003) . At Pual Ridge, however, significant variability is evident in endmember H 2 , H 2 S, CH 4 and CO 2 both between vent areas and within each area (Table 2) . With the exception of the high value at F3 vent (306 lM), all endmember H 2 concentrations are below 104 lM. Endmember H 2 is generally lower in fluids with lower measured exit temperatures (such as the Satanic Mills, Snowcap, and F5 fluids) and lower endmember Cl (Table 2 and Fig. 5a ). Endmember H 2 S ranges from 1.9 mM at Snowcap to 20.8 mM at Fenway and is highest in fluids with lower endmember Cl (Fig. 5b) Shanks, 2001) .
Endmember CO 2 values range from 4.38 to 4.48 mmol/ kg at Vienna Woods and are comparable to the previously reported value for the site (6 mM, Ishibashi et al., 1996) . d 13 C CO 2 values range from À5.2& to À5.7& and are within the range of basaltic CO 2 d
13 C values reported near Vienna Woods (À4.3& to À11.3&, Shaw et al., 2004) . With the exception of NE Pual, all fluids at Pual Ridge have substantially higher endmember CO 2 concentrations, ranging from 7.04 mmol/kg at Roger's Ruins to 274 mmol/kg at Satanic Mills (Table 2) . Ishibashi et al. (1996) previously reported values of 20-40 mM for the PACMANUS area but these data are likely minimum estimates because the samples were not acquired with gas-tight samplers. The higher CO 2 concentrations found in the lower Cl fluids at Snowcap and Satanic Mills ( Fig. 5c and Table 2 ) are among the highest reported to date for vent fluids (Karl et al., 1988; Butterfield et al., 1990; Sakai et al., 1990a,b; Von Damm, 1995; German and Von Damm, 2003; Lupton et al., 2006) and are comparable to those observed in black smoker fluids at the back-arc JADE site, Okinawa Trough (Sakai et al., 1990b) . In addition to the higher concentrations relative to Vienna Woods, CO 2 is more 13 C-enriched at PACM-ANUS compared to Vienna Woods and MORB values, with endmember d 13 C CO 2 values varying from À4.1& to À2.3& (Table 2) .
Endmember CH 4 concentrations at Vienna Woods and Pual Ridge are at the lower end of known compositions from MOR systems (German and Von Damm, 2003) but are highly variable at PACMANUS, ranging from 14 lM to a maximum of 85 lM. Higher endmember CH 4 concentrations there are also associated with lower Cl contents (Fig. 5d) . d 13 C CH 4 values ( Table 2) at Pual Ridge (À7.4& to À15.2&) are higher than Vienna Woods (À20.7& to À20.8&), but values from both areas overlap the range observed for other unsedimented MOR hydrothermal fluids (À8.0& to À20.8&, McCollom and Seewald, 2007) . CO concentrations are also variable at PACMANUS (highest endmember (0.15 lM) at F3 vent) but CO was not detected in Vienna Woods fluids (Table 2 ).
Cl, Br and F
While endmember Cl concentrations are uniformly 25-30% higher than ambient seawater at Vienna Woods, much greater variability is evident at Pual Ridge (Table 2) . Fluids at Roger's and Roman Ruins are all enriched in Cl relative to seawater, with endmember concentrations of 551-731 mmol/kg, whereas the other vent areas are both enriched and depleted relative to seawater, reaching a minimum value of 388 mmol/kg (Table 2) . Endmember Br and Cl values at both Vienna Woods and Pual Ridge correlate well with each other and the majority of fluids have Br/Cl ratios close to that of ambient seawater (1.5, Table 3 ). In contrast to Vienna Woods fluids, which are uniformly depleted in fluoride(F), all Pual Ridge fluids are variably enriched relative to seawater (Table 2) . Endmember F values at PACMANUS (up to 0.386 mmol/kg) are the highest reported to date for seafloor hydrothermal systems (Von Damm, 1995; German and Von Damm, 2003) . Fluids with higher endmember F at Pual Ridge also have higher for all moderate-to high-temperature fluids sampled at Vienna Woods (one symbol, VW1-3) and PACMANUS. The black line represents the two-phase boundary for a 3.2 wt% NaCl solution (from Bischoff and Rosenbauer, 1985) . Cl contents were highly variable (517-589 mmol/kg) between samples with similar Mg at F3 vent due to the vigorously boiling nature of the fluid. However, using the endmember Cl value (562 mmol/kg), the fluid approximates a $3.3 wt% NaCl equivalent solution.
endmember CO 2 , with the highest concentrations of both at Snowcap, Satanic Mills and Fenway (Fig. 6 ). (Table 2) , resembling observations from MOR hydrothermal systems (Shanks et al., 1995; Shanks, 2001) . In contrast, though all PACMANUS fluids have endmember d
18 O H 2 O values greater than those of Vienna Woods, the majority of dD H 2 O values there are substantially lower than seawater and among the most negative found to date in seafloor hydrothermal fluids (de Ronde, 1995; Shanks et al., 1995; Gamo et al., 1997; Shanks, 2001 ).
Alkalis, alkaline earths and B
Because Na and other ionic species tend to co-vary with Cl due to charge balance constraints, concentrations are typically normalized to Cl to eliminate this variability (Von Damm, 1995) . All fluids from both Pual Ridge and Vienna Woods have lower endmember Na/Cl ratios than seawater (0.87), ranging from 0.50-0.79 at Pual Ridge and 0.74-0.75 at Vienna Woods (Table 3) .
Both absolute and Cl-normalized endmember K, Rb and Cs concentrations are much higher in Pual Ridge fluids relative to Vienna Woods (Tables 2 and 3) , consistent with the higher abundances of these elements in EMVZ crustal rock relative to the MSC (Sinton et al., 2003) . The maximum endmember K concentration at Pual Ridge (96.8 mmol/kg, vs. 21.2 mmol/kg at Vienna Woods) is one the highest reported to date and consistent with previously reported endmember values at PACMANUS (80-90 mmol/ kg, Gamo et al., 1996a) . Pual Ridge fluids have a broader range of endmember Li concentrations (0.475-1.33 mmol/ kg) than Vienna Woods (1.07-1.16 mmol/kg) but endmember Li/Cl ratios from both areas overlap (Table 3) .
With the exception of NE Pual, which has an endmember Ca concentration of 84.8 mmol/kg, Pual Ridge fluids have much lower Ca contents (0.508-31.8 mmol/kg) compared to Vienna Woods (70.7-80.9 mmol/kg) and this is also apparent on a Cl-normalized basis (Table 3 ). This disparity was evident in the compositions of samples taken in 1995, where endmembers of $18 and $80 mmol/kg were reported for PACMANUS and Vienna Woods, respectively (Gamo et al., 1996a) . There is substantial inter-and intra-field variability at PACMANUS with some fluids even having lower endmember Ca/Cl ratios than seawater (Table 3 ). The highest endmember Ca concentrations and Ca/Cl ratios at Pual Ridge are from the low temperature F5 and NP1 fluids (Tables 2 and 3) . Endmember Sr concentrations are also much lower at PACMANUS compared to Vienna Woods (Tables 2 and  3) , with NE Pual having anomalously high Sr. Sr exhibits similar variability to Ca in Pual Ridge fluids and the elements tend to co-vary on a Cl-normalized basis (Table 3) . At Snowcap, measured Sr values extrapolate to an apparent negative endmember of À23.4 lmol/kg. This indicates substantial non-conservative behavior as Sr concentrations are depleted below that expected for mixing of a fluid devoid of Sr and Sr-replete seawater. As with Ca, the highest endmember Sr concentrations and Sr/Cl ratios at Pual Ridge are also at F5 and NP1 vents (Tables 2 and 3 ). Endmember 87 Sr/ 86 Sr ratios for PACMANUS fluids (Table 2 and Fig. 7 ) range from 0.69768 to 0.70429 and are lower than the Vienna Woods endmember (0.70435) . A calculated endmember ratio of 0.69768 is below that possible for terrestrial materials (Banner, 2004) , and therefore cannot reflect an existing composition. This is likely due to modification of the Mg/Sr ratio by the Sr loss noted above. As shown in Tables 2 and 3 , B is uniformly depleted relative to seawater (0.426 mmol/kg) in Vienna Woods fluids but highly enriched in high temperature fluids at Pual Ridge (up to 2.17 mmol/kg). These upper values are high relative to MOR hydrothermal fluids (German and Von Damm, 2003) , but within the range observed in other back-arc vent fluids (Ishibashi and Urabe, 1995) . All low temperature fluids at Pual Ridge (F5, TK1 and NP1) are depleted in B below the level expected for conservative mixing of a fluid devoid of B with B-replete seawater. These compositions therefore yield apparent negative endmember B concentrations, which, like Sr, indicates substantial removal of B prior to venting (Table 2 ).
Fe, Mn, Al and SiO 2
Vienna Woods fluids were either clear or gray in color in 2006, which is consistent with the uniformly low endmember Fe (0.12-0.17 mmol/kg, Table 2 ). Endmember Fe contents of Pual Ridge vent fluids are generally much higher and range from 0.076 mmol/kg at Snowcap to 14.6 mmol/ kg at Fenway. This upper value is high compared to most MOR vent fluids to date Von Damm, 1995; Charlou et al., 2002; Gallant and Von Damm, 2006) . Fluids with the highest endmember Fe contents (F2 and F3 at Fenway) also have the highest measured temperatures but Cl values <30% higher than seawater (Tables 1 and 2). There is also substantial variability between and within vent areas at Pual Ridge, with higher Mg fluids typically yielding lower endmember Fe values on a Cl-normalized basis (Table 3) .
All Pual Ridge fluids are greatly enriched in Mn relative to Vienna Woods (Table 2) , with endmembers ranging from 2.3 to 4.8 mmol/kg. Similar to Fe, such Mn values are also among the highest reported for vent fluids to date and similar to values reported in other back-arc systems (Ishibashi and Urabe, 1995; Von Damm, 1995; German and Von Damm, 2003; Takai et al., 2008) . In contrast to Fe, however, there is less variability in Mn between vent areas or within them. While endmember Al contents at Vienna Woods are relatively uniform (6.6-7.5 lmol/kg), there is a much greater range in high temperature Pual Ridge fluids (2.2-14.6 lmol/kg). Samples from NP1 had similar Al enrichments to hotter Pual Ridge fluids and yielded an endmember concentration of 69 lmol/kg. Endmember SiO 2 concentrations are also variable at Pual Ridge (11.3-23.9 mmol/kg) compared to Vienna Woods (14.6-15.3 mmol/kg), (Table 2) . Previous samples taken at Vienna Woods and PACMANUS in 1995 indicated endmember values of $15 mM and $16 mM, respectively (Gamo et al., 1996a) .
DISCUSSION
Models that describe convective hydrothermal systems driven by magmatic heat sources share several basic features and processes regardless of host rock (substrate) composition and tectonic setting. Seawater is typically assumed to enter the crust via a diffuse and poorly constrained 'recharge' zone and is subsequently heated to progressively higher temperatures. The hottest part of the hydrothermal flow path -the 'reaction' or 'root' zone -is most likely adjacent to or above the magmatic intrusion. When buoyancy forces are sufficient to expel high temperature fluids from the hydrothermal reservoir, fluids rise toward the seafloor through a 'discharge' or 'upflow' zone (Alt and Bach, 2003) . Processes that can modify the composition of black smoker fluids during transit through such systems include water-rock (and/or sediment) interaction, phase separation, input of magmatic volatile species, conductive cooling and subsurface mixing with seawater within the crustal aquifer (Alt, 1995; Von Damm, 1995; German and Von Damm, 2003) .
Given the similarity of hydrothermal interactions between seawater and basalt, andesite and rhyolite under experimental conditions (Bischoff and Dickson, 1975; Mottl and Holland, 1978; Seyfried and Bischoff, 1981; Hajash and Chandler, 1982; Shiraki et al., 1987; Ogawa et al., 2005) , processes of Mg fixation and anhydrite precipitation are expected to control Mg, Ca and SO 4 abundance during recharge of seawater into the crust at both the Pual Ridge and Vienna Woods vent fields. Similarly, the abundances of major elements (Na, Ca) are expected to be buffered by fluid-mineral equilibria under reaction zone conditions, albeit at potentially different abundances depending on the mineral compositions involved (Seyfried, 1987; Butterfield et al., 2003) . In addition, phase separation should influence the abundances of elements if P-T conditions within the (0.703275, Sinton et al., 2003) lying just below this range. The SC1 vent fluid extrapolates to a ratio below that possible for modern terrestrial materials (Banner, 2004) -an artifact of the high measured Mg/Sr ratio. Sr loss due to co-precipitation in anhydrite is non-fractionating (Michard et al., 1984) , and would increase measured Mg/Sr without changing measured 87 Sr/ 86 Sr ratios.
hydrothermal reservoir reach the 2-phase boundary. Degassing of volatiles from a magma body and subsequent entrainment by circulating fluids most likely occurs near the reaction zone in close proximity to the magma. Because of the weak acid nature of MORB-derived volatiles (predominantly CO 2 ), this process does not significantly alter the acidity of high temperature fluids in typical mid-ocean ridge (MOR) systems . However, felsic-hosted magmatic-hydrothermal systems are likely to differ substantially in this respect because degassed volatile phases containing SO 2 and HCl can be far more acidic (Yang and Scott, 2006) . Significant modification of high temperature fluids by subsurface seawater entrainment and mixing has been recognized in MOR sites, such as the TAG hydrothermal mound on the Mid-Atlantic Ridge (Edmond et al., 1995; Tivey et al., 1995; Gamo et al., 1996c) , North Cleft on the Juan de Fuca Ridge and Kairei Field, Central Indian Ridge (Gallant and Von Damm, 2006) and depends on the hydrologic regime in the 'upflow' zone.
In the following discussion we present evidence for the above processes in Manus Basin hydrothermal fluids. Furthermore, we show that the compositions of fluids at Pual Ridge have a highly complex evolution involving most, if not all, of these processes occurring either sequentially or simultaneously. To illustrate this complexity, Fig. 8 shows the proposed evolution of a hypothetical $360°C source fluid similar to that at the Fenway area of the PACM-ANUS vent field.
5.1. Influence of water/rock reaction and substrate composition on fluid compositions 5.1.1. Fluid-mineral equilibria Ca and Na, whose concentrations are controlled by temperature and pressure dependant equilibrium reactions involving plagioclase minerals (Berndt et al., 1989; Berndt and Seyfried, 1993) , exhibit similar trends in Manus Basin fluids to MOR hydrothermal systems. While few experimental studies have examined felsic rock-seawater interactions under hydrothermal conditions, early experimental work has demonstrated that seawater interactions with more silicic rock compositions (rhyolite and andesite) broadly resemble those with basalt for many of these 'solubility-controlled' species (Hajash and Chandler, 1982; Shiraki et al., 1987) . Endmember Na/Cl ratios from Pual Ridge fluids overlap those at Vienna Woods and all are lower than the seawater ratio, consistent with the removal of Na during albitization (Table 3) . Though absolute Ca abundances in fluids from Pual Ridge have been variably modified by subsurface anhydrite deposition or dissolution (see below), endmember Ca/Cl ratios calculated from fluids with low Mg (<5 mmol/kg, Table 2 ) are greater than seawater, which is consistent with Ca addition from the destruction of anorthite. Endmember Ca/Cl and Na/Cl ratios at Pual Ridge are within the range generally observed in unsedimented hydrothermal systems in MOR settings (Gallant and Von Damm, 2006) , suggesting that the compositional differences between the host rock at Pual Ridge and MORB do not influence these elements substantially.
In addition to Ca and Na, Sr abundance in hydrothermal fluids is also considered to be solubility-controlled (Berndt et al., 1988; Von Damm, 1988) and fluid compositions from the Manus Basin support control of dissolved Sr Fig. 8 . Cartoon illustrating the formation and evolution of a hypothetical $360°C source fluid (similar to Fenway) at PACM-ANUS. Dashed black lines indicate solely seawater-derived fluids, solid gray lines denote magmatic fluid phases and solid black lines denote mixtures of both that rise to eventually exit on the seafloor as either focused or diffuse/low temperature venting. Cold seawater enters the crust via recharge zones and with progressive heating first undergoes low temperature (T) water/rock (w/r) reactions (denoted as (a)) such as fixation of Mg, alkalis and B, and anhydrite precipitation (Alt, 1995) . Near the reaction or root zone of the hydrothermal reservoir, high temperature reactions (denoted as (b)) such as albitization, mobilization of alkalis, Fe and Mn, and modification of fluid dD H 2 O and d
18 O H 2 O values, occur regardless of the presence or absence of magmatic inputs. Input, mixing and reaction of an acidic magmatic fluid phase (c) likely occurs nearest the magma intrusion and is accompanied by subsequent high temperature reactions of the mixed fluid with the host rock (e.g. deposition of magma-derived SO 4 as anhydrite, titration of acidity and further metal mobilization). Phase separation (d) and partial/ complete segregation of resulting high and low chlorinity phases either occurs by decompression during upflow, or anywhere else that the 2-phase boundary is intercepted within the hydrothermal reservoir. During upflow, the resulting 360°C source fluid mixes with crustal seawater and is cooled to yield a lower temperature focused fluid. Reactions occurring during mixing (e) include deposition of admixed seawater SO 4 as anhydrite (or in fluids below $150°C, dissolution of previously formed anhydrite deposits) and generation of secondary acidity by Fe sulfide deposition. In the case of diffuse/low temperature fluids, additional low temperature water/rock reactions, such as B fixation, may also occur prior to venting at the seafloor.
abundance by reactions involving plagioclase minerals. Despite higher crustal abundances of Sr in crustal rocks of the EMVZ (Sinton et al., 2003) , endmember Sr/Cl ratios (calculated from fluids with lowest Mg) at Pual Ridge are lower than corresponding ratios at Vienna Woods. However, like Ca/Cl and Na/Cl, endmember Sr/Cl and Sr/Ca ratios at Vienna Woods and in low Mg fluids at Pual Ridge are within the known range of MOR hydrothermal systems (Berndt et al., 1988; Gallant and Von Damm, 2006) . As stated below, the variability in endmember 87 Sr/ 86 Sr ratios at PACMANUS (Fig. 7) is an artifact of the effect of Sr loss during seawater entrainment on the Mg/Sr extrapolation method (see below). However, endmember ratios at Vienna Woods (0.70435) and in low Mg fluids at PACMANUS (0.70394-0.70428 Despite the high temperature of some fluids at PACM-ANUS (e.g. 358°C at F3), none of the sampled fluids are devoid of Mg as is typical at Vienna Woods and other MOR hydrothermal fluids. While we argue below (Section 5.4) that the majority of Mg in Pual Ridge fluids is added as a result of subsurface/sampling-related seawater entrainment, there may be a relatively minor component that reflects the true Mg composition of the endmember fluid. This is best exemplified by the hottest fluid (F3 vent) at Pual Ridge. Two of the three samples from F3 have consistent measured Mg (4.52 and 4.74 mmol/kg, Table 1 ) and temperatures (358 and 356°C, respectively). It is unlikely that these concentrations reflect entrainment of identical amounts of seawater during sampling, and they are greater than can be attributed to the dead volume of the IGT samplers (which accounts for <1.6 mmol/kg Mg in any given IGT sample). This implies a Mg content of $3 mmol/kg as the F3 fluid exited the seafloor at a temperature that places it on the boiling curve at seafloor pressure. It is unreasonable to conclude that this Mg could be derived from seawater mixing prior to venting as the required $5% mix of seawater would cool the fluid by $20°C below the two-phase boundary. The possibility exists that admixing of small amounts of a hotter seawater-like fluid occurred deep in the system and boiling occurred in response to decompression during upflow, but it is hard to envision a scenario whereby Mg-replete seawater persists in the deep-seated reaction zone of such a hot and active system. An alternative explanation to account for this small, but significant concentration of Mg, is that it reflects the enhanced solubility of Mg-aluminosilicates at the exceedingly low pH of this fluid (2.7). Indeed, the solubility of Mg in hydrothermal systems in general, can be represented by the reaction:
where talc (Mg 3 Si 4 O 10 (OH) 2 ) is used to represent more compositionally complex phases (Seyfried, 1987) . The stoichiometry of this reaction indicates that at equilibrium the activity of Mg 2+ will vary inversely with the square of H + activity. Accordingly, because vent fluids at PACMANUS are characterized by pH values within a range of 2-3 while pH typically varies from 3 to 4 in MOR systems (Von Damm, 1995; German and Von Damm, 2003) , Mg activities at Pual Ridge according to Eq. (2) or similar reactions may be 2-4 orders of magnitude higher at a given temperature, pressure and silica activity (Seyfried, 1987) . As such, they may approach the same order of magnitude as Mg contributions from sampler dead volume. Given the complex nature of Mg phases that may control Mg solubility (Seyfried, 1987) and limited thermodynamic data for these phases, however, further speculation is difficult. The observation of abundant chlorite phases throughout ODP cores taken at both Snowcap and Roman Ruins (Lackschewitz et al., 2004) suggests this group likely controls Mg solubility. Fixation of Mg into chlorite phases is thought to occur above $200°C (Alt, 1995) . Regardless of what the exact Mg content of pure endmember fluids is at Pual Ridge, the low Mg concentrations measured at vents like F3 suggest it is sufficiently close to the sampler dead volume contribution that the calculation of endmember compositions at the conventional zero Mg level is still justifiable.
Alkalis and B
The influence of compositional differences in host rocks between the MSC and EMVZ is most apparent in the abundances of elements that are considered highly 'mobile' during fluid-rock interactions. Field and laboratory data indicate that alkali elements are almost quantitatively partitioned into the fluid phase during high temperature fluid-rock interaction with basalt and more silicic rock compositions (Seyfried et al., 1984; Von Damm et al., 1985; Von Damm, 1990; Ogawa et al., 2005) . Endmember abundances of the alkalis K, Rb and Cs are highly elevated in Pual Ridge fluids relative to Vienna Woods (Tables 2 and  3 ) and basalt-hosted MOR systems (German and Von Damm, 2003) . This is entirely consistent with the greater abundances of these incompatible elements in arc-like EMVZ crust relative to the more mafic crust of the MSC (Kamenetsky et al., 2001; Sinton et al., 2003; Paulick et al., 2004; Monecke et al., 2007) . In contrast to the other mobile alkalis, large differences in endmember Li concentrations are not evident between Vienna Woods and Pual Ridge fluids (Table 2) . However, limited data suggest that Li content of EMVZ crust ($5-7 ppm) does not differ from that of the MSC basalt ($5-8 ppm) to the same extent as K, Rb and Cs (Sinton et al., 2003) . In addition to differences in absolute abundances, endmember molar ratios of alkalis in Pual Ridge and Vienna Woods fluids are in reasonable agreement with the alkali ratios of the host rock compositions at each location (Fig. 9) . B is also greatly enriched in most Pual Ridge fluids relative to Vienna Woods, consistent with greater B enrichment in more silicic rock compositions and the increased influence of recycled slab material as the arc is approached (Spivack and Edmond, 1987; Ryan and Langmuir, 1993) . Because of the strong affinity of B for fluids, however, we cannot exclude magmatic degassing as an additional source of B to hydrothermal fluids at Pual Ridge (Ryan and Langmuir, 1993; Arnorsson and Andresdottir, 1995; Audetat et al., 1998) .
If it is assumed that the mobile alkali elements Rb and Cs are quantitatively leached during hydrothermal alteration and do not undergo significant secondary mineral formation, effective water/rock (w/r) ratios can be calculated if fluid and rock concentrations are known (Von Damm et al., 1985) . Rb and Cs contents vary widely in the EMVZ and along the MSC, however, as a result of highly variable host rock compositions (Sinton et al., 2003) . Using Rb (0.9 ppm) and Cs (0.018 ppm) contents from dredged basalt to the south of Vienna Woods (Sinton et al., 2003) , calculated w/r ratios for fluids there vary from 0.5 to 0.6. Using values of Rb (27 ppm) and Cs (0.8 ppm) reported for Satanic Mills lava flows (Monecke et al., 2007) , higher w/r ratios are calculated for high temperature (>200°C) fluids at Pual Ridge, varying from 5 to 6 for Rb and 2 to 3 for Cs. Differences between these locations notwithstanding, the relatively low values combined with the alkali ratio patterns discussed above indicate hydrothermal fluids at both Pual Ridge and Vienna Woods have reacted with fresh crustal rocks under what may be considered rock-dominated conditions (Seyfried and Mottl, 1982) .
Quartz-fluid equilibrium and dissolved SiO 2
SiO 2 contents in PACMANUS and NE Pual fluids, though highly variable, suggest considerable depths of hydrothermal circulation are possible beneath Pual Ridge. The solubility of quartz in hydrothermal solutions is a strong function of temperature, pressure and to a lesser extent, salinity. Based on the assumption of quartz-fluid equilibrium at depth, dissolved SiO 2 is commonly used as an indicator of maximum P-T conditions encountered by hydrothermal fluids (Fournier, 1983; Von Damm et al., 1991; Foustoukos and Seyfried, 2007a) . Using extrapolated vent temperatures the quartz solubility data of Von Damm et al. (1991) and endmember SiO 2 contents, RMR2 and RGR1 compositions suggest quartz-fluid equilibrium at pressure of 400-700 bar (Fig. 10) . While the upper limit may be excessive, the lower limit suggests circulation depths in the vicinity of a possible magma body $2 km beneath the seafloor at Pual Ridge (Lee, 2003; Binns et al., 2007; Sun et al., 2007) . There is a high degree of variability between co-located vents (e.g. RMR1 and RMR2), however, and shallower equilibration pressures (<300 bars) are predicted endmember Rb concentration for Vienna Woods, PACMANUS and NE Pual fluids. Light gray triangles refer to ranges of alkali/ Rb ratios found in Manus Spreading Center (MSC) lavas (basalts and basaltic andesites), (Sinton et al., 2003) . Dark gray triangles represent corresponding ranges for EMVZ (Sinton et al., 2003) and Pual Ridge (Kamenetsky et al., 2001) lavas.
for most other vents (Fig. 10) . It has been suggested that the accuracy of the SiO 2 geobarometer in felsic-hosted systems may be affected by re-equilibration of SiO 2 with quartz-rich wall-rock during fluid upflow (Ishibashi and Urabe, 1995) . Abundant subsurface quartz-bearing vesicles and veins observed in ODP drill-cores from postulated upflow zones suggest that some SiO 2 deposition has occurred during ascent of fluids to the seafloor at PACMANUS . While this process may be responsible for lower apparent equilibrium pressures, it cannot, however, explain the extremely high silica observed at RMR2 and RGR1. In contrast, predicted equilibrium pressures for all three vents at Vienna Woods (>1000 bar) imply an unreasonable depth of circulation there. A more plausible explanation is that extensive cooling of the Vienna Wood source fluid has occurred during upflow, as evidenced by low endmember Fe but high endmember Mn concentrations (see below, Table 2) and the high dissolved SiO 2 contents are merely a relic of much higher temperatures than those venting at the seafloor. A comparison with the observations from 1995 (Fig. 10 , Gamo et al., 1997) suggests that Vienna Woods fluids may be experiencing greater extents of conductive cooling with time, as maximum measured temperatures were $17°C hotter in 1995 but endmember SiO 2 concentrations were essentially equivalent.
pH and metal mobility
The above observations suggest fluid-mineral buffering of major element abundances at depth. However, the pH of the lowest Mg samples at PACMANUS (2.6-2.7) is considerably more acidic than those observed during laboratory experiments that reacted seawater and rhyolite/dacite (3.5-4.5) at temperatures of 300-500°C (Hajash and Chandler, 1982; Shiraki et al., 1987) . These experiments were conducted at 1 kbar pressure, however, which may be greater than reaction zone pressures encountered by fluids at PACMANUS where the seafloor pressure is $170 bar. Owing to effects on fluid density and species dissociation equilibria, lower pressures tend to yield slightly lower measured pH values buffered by heterogeneous equilibrium reactions (Seyfried, 1987) . However, uniformly low pH values, such as those at PACMANUS, are not common in basalt-hosted hydrothermal systems at similar depths . Such high acidity in black smoker fluids has only been observed in other arc and back-arc settings, such as the Vai Lili (Fouquet et al., 1991a (Fouquet et al., ,b, 1993 and Mariner fields (Seewald et al., 2005; Takai et al., 2008) in the Lau Basin. Low pH values (2.4-2.7) at Mariner are suggested to be the result of magmatic acid volatile (SO 2 ) degassing from underlying magmas (Seewald et al., 2005; Takai et al., 2008) . As discussed below, we argue that this process contributes to the low pH values at PACMANUS also. In contrast, the much higher pH of Vienna Woods fluids (4.4-4.7) is more consistent with buffering by fluid-rock interactions alone.
The influence of acidity is apparent in the high Fe and Mn contents of PACMANUS fluids. Experiments have demonstrated that Fe and Mn solubility during hydrothermal alteration of basalt and more felsic rock compositions is a complex and sensitive function of in situ pH, in addition to temperature, pressure and fluid composition (Mottl et al., 1979; Hajash and Chandler, 1982; Rosenbauer and Bischoff, 1983; Seyfried and Janecky, 1985; Seyfried, 1987; Seewald and Seyfried, 1990) . At PACMANUS, endmember Fe concentrations calculated from low Mg (<5 mmol/kg) fluids range from 6.86 to 14.6 mmol/kg, with corresponding endmember Mn concentrations of 3.01 to 4.72 mmol/kg. These are among the highest Fe and Mn contents reported to date for either arc or back-arc basin hydrothermal fluids (Ishibashi and Urabe, 1995; Takai et al., 2008) and are most likely the result of the highly acidic nature of these fluids.
An evaluation of the Fe and Mn contents of Vienna Woods fluids in the context of experimental observations of their mobility from crystalline basalt as a function of temperature supports the notion that fluids there have experienced cooling. The association of extremely low endmember Fe contents with vent temperatures below 300° (  Table 2) is consistent with experimental evidence that dissolved Fe is rapidly diminished below this temperature in the absence of any seawater admixing (Seewald and Seyfried, 1990) . In contrast to Fe, however, Mn has sluggish kinetics of re-precipitation upon cooling of hydrothermal fluids, and therefore tends to record much hotter temperatures of mobilization. Based upon the experimental study of Seewald and Seyfried (1990) , Mn concentrations in Vienna Woods fluids (Table 2) temperatures up to $350°C. Such high temperatures in the reaction zone would reconcile the observations of high SiO 2 for the temperatures of venting that yield unreasonable apparent depths of quartz-fluid equilibrium (Fig. 10) .
Phase separation and Cl variability
Vienna Woods and Pual Ridge fluids exhibit variable enrichments or depletions in endmember Cl relative to seawater (Table 2 ). While we demonstrate below that much of this variability is due to phase separation, prior magmaticor rock-derived Cl inputs must first be considered in the case of Pual Ridge fluids. Cl variations in MOR hydrothermal fluids beyond that permissible by rock hydration effects are typically attributed to phase separation (Von Damm, 1990 Damm, , 1995 German and Von Damm, 2003; Foustoukos and Seyfried, 2007b) and rock-derived Cl is typically not considered a significant source to mid-ocean ridge vent fluids due to the low Cl content of MORB (Michael and Schilling, 1989; Michael and Cornell, 1998) . Silicic crustal rocks in back-arc environments, however, have higher Cl contents (Wallace, 2005; Aiuppa et al., 2009 ) and dredged dacites from the vicinity of Pual Ridge contain up to 0.84 wt% Cl (Sun et al., 2007) . Quantitative leaching of such dacite at the water/rock ratios calculated previously (2-6) would only increase vent fluid chlorinity by <120 mmol/kg. Inputs of Cl from magmatic degassing could also influence chloride contents of Pual Ridge vent fluids, given the Cl-rich nature of Pual Ridge magmas (Sun et al., 2007) , and the chlorinity of magmatic fluids may be substantially higher or lower than seawater. While we demonstrate below that phase separation influences species abundances at Pual Ridge, based on the above considerations, hydrothermal fluids undergoing phase separation there may have initial chlorinities that differ from seawater.
Conclusive evidence for subcritical phase separation at seafloor pressures was found at the Fenway site where the maximum measured temperature of 358°C at F3 vent places this fluid on the 2-phase boundary for a fluid of seawater salinity (Fig. 3) at a seafloor pressure of 171 bar (Bischoff and Rosenbauer, 1985) . The observed flashing and variability in dissolved major element and gas concentrations between multiple fluid samples collected at F3 (Table 1) are consistent with active boiling and partial segregation of a two-phase emulsion of immiscible vapor/ brine during venting at the seafloor (Bischoff and Pitzer, 1985; Hannington et al., 2001; Stoffers et al., 2006) . Measured exit temperatures (Fig. 3) for all other vent fluids at PACMANUS and Vienna Woods lie well below the seawater 2-phase boundary at seafloor pressures. If phase separation at depth has contributed to Cl variability, these fluids must have undergone substantial cooling prior to venting at the seafloor. Previous phase separation at depth is supported by the rock record at Sites 1188 and 1189. Vanko et al. (2004) demonstrated that the temperatures and extreme salinity variations recorded by fluid inclusions at depth beneath Snowcap are consistent with subseafloor boiling at temperatures in excess of $350°C, despite much cooler temperatures of venting.
At Vienna Woods, the low measured Mg concentrations preclude seawater mixing as a heat loss mechanism and extensive conductive cooling (>100°C) is required to explain the low observed temperatures relative to the 2-phase boundary there (Fig. 3) . As stated previously, Mn abundances in Vienna Woods fluids only suggest temperatures near 350°C and so it is possible that the high Cl endmembers do not reflect active phase separation at depth in 2006, but rather entrainment/depletion of residual brines formed during previous phase separation events (Shanks and Seyfried, 1987; Von Damm and Bischoff, 1987; Von Damm, 1988; Butterfield et al., 1997; Schoofs and Hansen, 2000; Von Damm et al., 2005) . Brine entrainment would be consistent with the chronic venting of Cl-rich fluids at Vienna Woods since 1990 (Lisitsyn et al., 1993; Gamo et al., 1997; Douville et al., 1999a; Fourre et al., 2006) and the apparent absence of any Cl-depleted conjugate fluids.
Measured temperatures below the 2-phase boundary, notwithstanding, systematic compositional variability between fluids within several PACMANUS vent areas strongly suggests that fluids other than F3 are also influenced by phase separation and segregation. Endmember concentrations of soluble alkali elements K, Li, Rb, and Cs in areas with co-located vent fluids show strong linear correlations with endmember Cl that extrapolate toward the origin (Fig. 11) . Because these elements are readily mobilized from the crust during high temperature fluid-rock interaction (Seyfried et al., 1984; Von Damm et al., 1985; Von Damm, 1995) and do not preferentially partition into the vapor phase (except under extreme conditions near halite saturation), alkali/Cl ratios are unaffected by phase separation (Berndt and Seyfried, 1990; Foustoukos and Seyfried, 2007b,c) . This behavior implies phase separation and partial segregation of high and low salinity phases . Systematic variations in the endmember abundances of aqueous gases with Cl are also consistent with ongoing phase separation at PACMANUS. Endmember CO 2 and CH 4 concentrations at Fenway and Roman Ruins increase systematically with decreasing Cl (Fig. 5c  and 5d ), consistent with enhanced partitioning of volatile species into the lower salinity phases during phase separation. H 2 and H 2 S are much more variable (Fig. 5a and 5b) but these species behave non-conservatively during seawater admixing in the subsurface (see below). Processes in addition to phase separation, however, must be invoked to explain the extreme enrichments in dissolved CO 2 at Satanic Mills and Snowcap (Fig. 5c) . Enrichments of this magnitude in seafloor hydrothermal fluids are unlikely to be solely the result of partitioning of rock-derived CO 2 into vapor phases (Butterfield et al., 1990 Seewald et al., 2003) and a combination of substantial magmatic CO 2 inputs (discussed below), possibly with some secondary enhancement by phase separation, is the most plausible explanation.
Magmatic fluid input at Pual Ridge
Numerous investigations have examined the compositions of magmatic volatiles at PACMANUS recorded in erupted lavas. Felsic lavas at Pual Ridge are highly vesicular (Binns and Scott, 1993; Marty et al., 2001; Paulick et al., 2004) and accompanying melt inclusions possess vapor bubbles containing H 2 O, CO 2 and sulfur precipitates Scott, 1996, 2002; Kamenetsky et al., 2001 Kamenetsky et al., , 2002 . Yang and Scott (2005) suggested that fractional crystallization of magmas beneath Paul Ridge could sustain pre-eruptive degassing on timescales of several decades, comparable to the lifetimes of hydrothermal systems. Given that a magma body 2 km beneath the surface of Pual Ridge has been suggested (Lee, 2003; Binns et al., 2007; Sun et al., 2007) and apparent depths of quartz-fluid equilibrium for some Pual Ridge fluids discussed above are similar, it is reasonable to assume circulating hydrothermal fluids there may reach sufficient depths to entrain volatiles exsolved from degassing silicic magma (Fig. 8) .
Isotopic evidence for magmatic H 2 O
Addition of magmatic water to Pual Ridge vent fluids is evident in the stark contrast in H 2 O isotopic compositions there compared to fluids at Vienna Woods (Fig. 12) . The stable isotopic composition of vent fluid H 2 O can record the integrated effects of three fundamental processeswater/rock (and/or sediment) interaction, phase separation and any contributions from extraneous magmatic waters. Hydration reactions between circulating hydrothermal fluids and igneous crust at high temperatures invariably yield a trend of increasing d
18 O H 2 O and dD H 2 O values (relative to unmodified seawater) with decreasing water/rock ratios (Bowers and Taylor, 1985; Bowers, 1989; Shanks et al., 1995; Shanks, 2001) . d
18 O H 2 O and dD H 2 O values from Vienna Woods are therefore generally consistent with water/ rock reaction as the dominant control of the isotopic composition of vent waters there. While the more positive endmember d
18 O H 2 O values of PACMANUS fluids are consistent with water/rock reaction at higher temperatures and/or lower water/rock ratios than Vienna Woods, alternate mechanisms must be invoked to explain the ubiquitous negative endmember dD H 2 O values there (Fig. 12) . Fig. 2 ) exhibit strong correlations with Cl which trend toward the origin, indicative of phase separation control and unmixing of high and low salinity fluid phases . BSW, bottom seawater.
Although phase separation is occurring at Pual Ridge (as discussed previously), and experimental studies have shown that this process can affect the hydrogen and oxygen isotopic composition of vent waters (Horita et al., 1995; Berndt et al., 1996; Shmulovich et al., 1999; Foustoukos and Seyfried, 2007b) , it cannot account for the hydrogen isotope composition of vent fluids there. Under most openor closed-system scenarios for phase separation, vapor phases are slightly enriched in D relative to the heavily D-depleted brine phases, while the reverse is true for oxygen isotope partitioning (Berndt et al., 1996; Foustoukos and Seyfried, 2007b Berndt et al. (1996) propose that generation of a vapor phase with highly negative dD H 2 O and positive d
18 O H 2 O values is conceivable under a scenario of combined water/rock reaction and open-system phase separation during isobaric heating (i.e. by subsurface dike emplacement), it requires segregation of a heavily distilled vapor (Foustoukos and Seyfried, 2007b (Shanks et al., 1995; Von Damm et al., 2005) . However, given the negligible sediment cover on the crest of Pual Ridge and the lack of a thermogenic d 13 C CH 4 signature ( Table 2, Welhan, 1988; Cruse and Seewald, 2006) , there is no evidence to suggest that fluids there have interacted with sediments. Direct input of isotopically distinct magmatic water to seawater-derived hydrothermal fluids is therefore most plausible explanation the array of negative dD H 2 O and positive d
18 O H 2 O values at Pual Ridge. The isotopic signature of 'juvenile' or mantle-derived magmatic water is estimated to have a narrow range of dD H 2 O (À65 ± 20&) and d
18 O H 2 O (+6 ± 1&), (Taylor, 1979b; Ohmoto, 1986) . In contrast, waters degassed from silicic arc magmas (subduction-related volcanic vapors, SRVV) may have much higher dD H 2 O (À10& to À30&) and d
18 O H 2 O (+6& to +10&) values (Giggenbach, 1992; Hedenquist and Lowenstern, 1994) . Degassing-related fractionation and slab-derived seawater inputs can both increase the dD H 2 O value of magmatic waters at convergent margins (Taylor, 1986 (Taylor, , 1997 Giggenbach, 1992; Pineau et al., 1998; Shaw et al., 2008) . While it is impossible to accurately constrain the isotopic composition of magmatic water added, the array of PACMANUS isotopic compositions trends toward a D-depleted and highly 18 O-enriched component similar to SRVV compositions (Fig. 12) . The fluids do not lie within the trend expected for simple mixing of hydrothermal fluids with mantle-derived waters having dD H 2 O values of À40& to À80& (Fig. 12) , as suggested for fluids from the nearby DESMOS hydrothermal system (Gamo et al., 1997) . Although the isotopic compositions of PACMANUS vent waters could reflect the addition of SRVV compositions directly to seawater, it is hard to envision a scenario where seawater could reach high temperature environments in the vicinity of a degassing magma chamber without extensive isotopic modification by water/rock reaction. The most likely scenario is that SRVV-like compositions are mixing with seawater-derived hydrothermal fluids that have experienced high temperature fluid-rock interactions which increased dD H 2 O and d
18 O H 2 O values (resembling the evolved compositions at Vienna Woods, Figs. 8 and 12) .
A crude estimate of the minimum quantity of magmatic H 2 O added to circulating fluids can be constrained by simple hydrogen isotope mass balance. For this calculation we assume that the effects of phase separation on dD H 2 O are negligible, magmatic H 2 O at all PACMANUS areas has a uniform dD H 2 O value at the lower limit of SRVV compositions (À30&, Giggenbach, 1992; Hedenquist and Lowenstern, 1994 ) and the circulating fluids into which magmatic waters are entrained have dD H 2 O values similar to Vienna Woods fluids (+2.4&) due to prior water/rock reaction. With these assumptions in mind, a magmatic H 2 O fraction of $9 wt% is required to produce the composition observed in Roman Ruins fluid RMR1 (the highest dD H 2 O value in Fig. 12 ). Fluid at the Snowcap SC2 vent would require a magmatic H 2 O fraction of $25 wt%, with the majority of fluids within these two extremes. While these estimates are speculative and highly variable, they (Taylor, 1979b; Ohmoto, 1986 ) and subduction-related volcanic vapors (Giggenbach, 1992; Hedenquist and Lowenstern, 1994) . For clarity, the inset shows the data at a larger scale and 1s analytical errors. The isotopic composition of Pacific bottom seawater (SW) is shown by a star (Craig and Gordon, 1965; Redfield and Friedman, 1965) . do suggest substantial quantities of magmatic water are entrained by circulating hydrothermal fluids.
The isotopic compositions of PACMANUS fluids presented here also have implications for previous attempts to estimate subsurface alteration temperatures from drillcore clay minerals recovered at Sites 1188 and 1189. Lackschewitz et al. (2004) assumed that hydrothermal fluids at depth have near-seawater d
18 O H 2 O values and calculated temperatures of clay mineral precipitation in the subsurface. This assumption is now shown to be unreasonable, given that both magmatic water input and water/rock interaction have substantially increased d
18 O H 2 O values at PACMANUS.
Magmatic CO 2 , F, and Cl
Elevated abundances of aqueous CO 2 in PACMANUS vent fluids are also consistent with a direct contribution of magmatic volatiles because CO 2 is invariably released from silicic magmas during cooling and crystallization (Carroll and Webster, 1994; Yang and Scott, 2006) . Although some of the CO 2 observed in PACMANUS fluids may be derived from rock leaching, unaltered subseafloor dacites recovered by ODP drilling at Snowcap, Roman Ruins and Satanic Mills contain less than 500 ppm residual CO 2 (Paulick et al., 2004) . Assuming quantitative mobilization, this limits the total amount of CO 2 that can be derived by substrate leaching to <6 mmol/kg for the range of water/ rock ratios (2-6) calculated using alkali abundances. Concentrations of aqueous CO 2 in basalt-hosted mid-ocean ridge vent fluids that approach values observed at PACM-ANUS have also been attributed to active magmatic degassing Lilley et al., 2003; Seewald et al., 2003) . While primary CO 2 contents of parental magmas at PACMANUS are poorly constrained (Marty et al., 2001) , weight percent additions of magmatic H 2 O (estimated above) indicate that CO 2 is far less abundant than H 2 O in the magmatic fluids being added. The exsolution of a water-dominated magmatic fluid suggests a relatively shallow (crustal) magma chamber (Yang and Scott, 2006) , consistent with the speculation of a fractionating silicic magma body beneath Pual Ridge (Lee, 2003; Yang and Scott, 2005; Binns et al., 2007; Sun et al., 2007) .
Examination of the carbon isotopic composition of vent fluid CO 2 at PACMANUS (À4.1& to À2.3&) reveals a more 13 C enriched CO 2 source relative to Vienna Woods fluids (À5.2& to À5.7&), which likely reflects the closer proximity of Pual Ridge to the New Britain Arc (80 km vs. 220 km) and a larger contribution of more 13 C-enriched slab-derived carbon. d 13 C CO 2 values in fluids from unsedimented hydrothermal systems measured to date range from À3.15& to À13.0& (Charlou et al., , 2002 McCollom and Seewald, 2007) but the majority of typical basalthosted fluids range from À4& to À9& (Kelley et al., 2004) , reflecting the composition of primitive mantle CO 2 (À5& to À8&, Pineau et al., 1976; Taylor, 1986; Cartigny et al., 2001; Coltice et al., 2004) . Based on the few studies conducted to date, dissolved CO 2 in back-arc hydrothermal fluids are typically more 13 C-enriched, with d 13 C CO 2 values ranging from +0.4& at Mariner (Lau Basin) to À6.2& at White Lady (N. Fiji Basin), Takai et al., 2008) . Vent fluid d 13 C CO 2 values higher than mantle carbon values can arise from two potential processes -13 C enrichment in the source magma due to slab-derived carbonate inputs and/or degassing-related fractionation effects. In the case of the latter, the CO 2 initially degassed from basaltic magmas can be enriched in 13 C by several per mil (i.e. 2.2-4.3& at >1100°C) relative to the undegassed bulk CO 2 reservoir (Javoy et al., 1978; Mattey, 1991) . Such enrichments are only associated with the earliest stages of CO 2 exsolution (Tsunogai et al., 1994) , however, and the extremely low CO 2 contents (Marty et al., 2001 ) and low d 13 C CO 2 values observed in EMVZ lavas (down to À33.2&, Shaw et al., 2004) suggest more extensive degassing of crustal magmas there. The 13 C-enriched nature of aqueous CO 2 at PACMANUS therefore may reflect the greater influence of slab-derived carbon on the magma source in this region of the basin. Subducted oceanic crust can contain sedimentary organic carbon/carbonate and carbonates formed during low temperature alteration of basaltic rocks (Alt and Teagle, 1999; Coltice et al., 2004) , giving a bulk slab d 13 C value of approximately À1& (Coltice et al., 2004) . Numerous geochemical proxies (e.g. higher Ba/Nb and Cl/Nb ratios in dredged lavas) indicate greater subduction-related inputs to magmas in the EMVZ (and Pual Ridge) relative to the MSC (Kamenetsky et al., 2001; Sinton et al., 2003; Sun et al., 2004; Pearce and Stern, 2006; Park et al., 2010) and inputs of slab-derived carbon have been suggested (Shaw et al., 2004) . Trends of increasing d 13 C CO 2 with arc proximity have been observed in other back-arc vent fluids, such as the Lau Basin (Proskurowski et al., 2007) and the Okinawa Trough/Mariana Arc (cf. Sakai et al., 1990a; Lupton et al., 2006) .
High concentrations of magmatic CO 2 in PACMANUS vent fluids are also accompanied by elevated F abundances (Fig. 6) , which may reflect inputs of F to convecting hydrothermal fluids from magmatic degassing. Fluoride species are enriched in felsic magmas (Carroll and Webster, 1994) and are common constituents of exsolved magmatic gases in arc-type environments (Yang and Scott, 2006; Aiuppa et al., 2009) . Magmatic F has been implicated in influencing REE distribution patterns in vent fluids and anhydrites from Manus Basin hydrothermal sites . The F enrichments in Pual Ridge vent fluids are in stark contrast to Vienna Woods (Fig. 6) and MOR hydrothermal systems, where F is depleted relative to seawater (Edmond et al., 1979a; Maris et al., 1984; Von Damm et al., 1985; Seyfried and Ding, 1995a; German and Von Damm, 2003) . While a magmatic origin is certainly likely given the other indications of volatile input, we cannot, however, completely discount rock-derived sources of F. The behavior of F in seafloor hydrothermal systems is poorly understood (Seyfried and Ding, 1995a) and there is some experimental evidence to suggest both mineralogical sources and sinks of F are possible during hydrothermal alteration of silicic rock compositions (Galluccio et al., 2009) . Rock leaching has also been proposed as a source of F to some felsic-hosted terrestrial geothermal systems (Arnorsson et al., 1978) . The F contents of unaltered Pual Ridge dacites (360-530 ppm, Paulick et al., 2004) are not substantially different from MSC basalts ($200 ppm, Sinton et al., 2003) and typical MORB ($500 ppm, Michael and Schilling, 1989) and incomplete leaching at calculated w/r ratios ($0.5 for Vienna Woods, 2-6 for Pual Ridge) could yield aqueous F concentrations several times that of seawater in either setting. Therefore, while the correlation of F with CO 2 (Fig. 6 ) is suggestive of a magmatic origin, further constraints are needed on the mobility of F in hydrothermal systems before the excess abundances relative to typical MOR hydrothermal fluids can be attributed solely to magmatic degassing.
In addition to CO 2 and F, magmatic fluids at Pual Ridge could also contain varying amounts of Cl but we cannot constrain such inputs, however, owing to the high quantities of seawater Cl and variability arising from phase separation. Exsolved magmatic fluids may be characterized by chlorinities comparable to or much lower than seawater. At supercritical magmatic temperatures and shallow crustal pressures, Cl-bearing magmatic fluids can separate into low Cl vapor phases containing the bulk of H 2 O mass and small quantities of a Cl-rich brine condensate (Cline and Bodnar, 1991; Shinohara, 1994; Kelley and Frü h-Green, 2000; Lowenstern, 2000; Webster, 2004) . Additional lines of evidence, such as Br/Cl ratios, would not be useful in identifying the addition of magmatic fluids because molar Br/Cl ratios in high temperature (>700°C) fumaroles from western Pacific arc volcanoes (0.6-1.4, Goff and McMurtry, 2000; Snyder et al., 2002) approach those of the seawater value of 1.5. Most Pual Ridge fluids do not deviate from the latter ratio (Table 3) .
Magmatic SO 2 input and disproportionation
There is some indirect evidence to suggest that magmatic fluids entrained by Pual Ridge vent fluids are accompanied by S species that generate substantial acidity. We conclude, however, that much of the primary signature of magmatic S has likely been overprinted by secondary processes subsequent to magmatic degassing and prior to seafloor venting (Fig. 8 ). Exsolved CO 2 and H 2 O-rich vapor bubbles in melt inclusions from Pual Ridge contain a host of sulfate-and sulfide-bearing minerals, indicating that sulfurous species have partitioned from magmas into exsolved aqueous fluids there (Kamenetsky et al., 2001 (Kamenetsky et al., , 2002 Yang and Scott, 2006) . In contrast to basaltic magmas, where it exists mostly as sulfide, total S in more oxidizing (higher f O 2 ) calc-alkaline magmas is predominantly in the forms SO 2 and SO 4 (Burnham, 1979; Carroll and Rutherford, 1988; Nilsson and Peach, 1993; Carroll and Webster, 1994) . SO 2 strongly partitions into exsolved aqueous fluids during magmatic degassing (Burnham, 1979; Scaillet and Pichavant, 2003) and, upon cooling below $400°C, can undergo either of the following disproportionation reactions (Iwasaki and Ozawa, 1960; Holland, 1965; Drummond, 1981; Kusakabe et al., 2000) :
where S 0 is zero-valent sulfur. According to Kusakabe et al. (2000) , reaction (3) is more favored under higher temperatures and lower SO 2 contents than reaction (4). Both reactions are rapid, produce sulfuric acid (H 2 SO 4 , which generates acidity upon dissociation to HSO 4 À and H + ) and are associated with significant sulfur isotope fractionations between reactant SO 2 and the oxidized and reduced S products. H 2 SO 4 is typically enriched in 34 S, while H 2 S and S 0 are depleted in 34 S relative to precursor SO 2 (Ohmoto and Rye, 1979; Ohmoto and Goldhaber, 1997; Kusakabe et al., 2000) . The SO 4 produced invariably has a d 34 S SO 4 value that is lower than seawater (+20.99&, Rees et al., 1978) , while negative d 34 S H 2 S values would be expected for H 2 S assuming an initial magma d 34 S near 0& (Ohmoto and Goldhaber, 1997) .
Negative d 34 S H 2 S values are observed in fluids from some areas of PACMANUS (Satanic Mills and Snowcap) and are associated with extremely high levels of magmatic CO 2 (Fig. 13) . d 34 S H 2 S values from unsedimented MOR hydrothermal systems range from +1.4& to +8.6&, reflecting a mixture of both reduced seawater SO 4 and basaltic S (Shanks, 2001 , and references therein). The most negative d 34 S H 2 S values (as low as À5.7&) measured to date were from fluids at the DESMOS Caldera site to the east of Pual Ridge in 1995 and were attributed to magmatic SO 2 disproportionation (Gamo et al., 1997 (Shanks, 2001) . Values from Pual Ridge fluids below this range are associated with higher CO 2 concentrations of magmatic origin.
however, is not surprising considering the strong retrograde solubility of anhydrite as a function of temperature (Bischoff and Dickson, 1975; Bischoff and Seyfried, 1978; Mottl and Holland, 1978) . If it is assumed that magmatic fluids are entrained (and therefore diluted) by circulating high temperature fluids at considerable depth in the hydrothermal reservoir (near the high temperature reaction zone, Fig. 8 ) any SO 4 added could be quantitatively removed as anhydrite if a continuous supply of Ca is available from fluid-mineral equilibrium reactions. The widespread occurrence of anhydrite in the subsurface and the extensive removal of seawater sulfate evident in presentday PACMANUS fluids (Fig. 4) is an indication of the ability the former mechanism to overwhelm a magmatic source of SO 4 .
These observations are consistent with evidence arising from ODP Leg 193 to suggest variable magmatic SO 2 input, disproportionation and removal to anhydrite has previously occurred at depth beneath PACMANUS. Two independent investigations demonstrated d 34 S SO 4 values as low as +16.6& and +18.1& in anhydrite deposited beneath Snowcap, with trends of decreasing d 34 S SO 4 with increasing depth below the seafloor. These trends were interpreted to be the result of precipitation from fluids with variable mixtures of both seawater-and magmatic SO 2 -derived SO 4 , with the proportion of the latter increasing with depth beneath the Snowcap dome. Several inactive outcrops of bleached volcaniclastic material cemented with native sulfur (S 0 ) were also found in the vicinity of Snowcap (Tivey et al., 2006) , suggesting that magmatic acid-sulfate fluids may have reached the seafloor in the past.
The extremely high Fe contents of many PACMANUS fluids suggests that magmatic-derived acidity has lead to extensive dissolution of Fe from silicate minerals in the subsurface, which could have consumed H + and raised in situ pH. Measured pH values are still lower than experimental observations of equilibrium buffering by the andesite/dacite mineral assemblage (Hajash and Chandler, 1982; Shiraki et al., 1987) , suggesting that titration of magmatic acidity may be incomplete. One possible explanation is that rocks in the upflow zones at Pual Ridge may be completely altered and characterized by mineral assemblages that are stable at low pH, as suggested by ODP Leg 193 observations beneath Snowcap . The latter would likely be incapable of buffering pH values to the same extent as fresh andesite/dacite mineral assemblages. While dissolved alkali abundances and ratios (Fig. 9 ) clearly indicate interactions with fresh host rock at Pual Ridge, this may reflect water-rock interactions prior to magmatic fluid input (Fig. 8) .
Spatial variability of magmatic fluid inputs
Our data are remarkably consistent with ODP Leg 193 observations which demonstrated apparent spatial variability of magmatic inputs within the PACMANUS vent field. Observations of anomalous subsurface anhydrite d 34 S SO 4 values, rare-earth element patterns and 'acid-sulfate' (quartz-illite-pyrophyllite-anhydrite) alteration assemblages were limited to the Site 1188 (beneath the Snowcap Dome) and were lacking at Site 1189 (Roman Ruins), Roberts et al., 2003; Binns et al., 2007; 
Subsurface seawater entrainment
The large number of sample sets taken from Pual Ridge vent fluids with consistently high measured Mg concentrations ( Table 1 ) strongly suggests that fluids there have mixed with seawater to varying extents prior to exiting at the seafloor. Mixing of seawater and hydrothermal fluids prior to venting has been recognized ever since hydrothermal activity was first discovered in 1977 at the Galápagos Spreading Center (Corliss et al., 1979; Edmond et al., 1979a Edmond et al., ,b, 1995 Tivey et al., 1995; Gamo et al., 1996c; Von Damm et al., 1998; Gallant and Von Damm, 2006) . The hypothesis that extensive subsurface mixing provides much of the Mg in Pual Ridge fluids can be tested by examining the relationship between Mg abundance and temperature for co-located vents. Isenthalpic mixing lines depicting temperature and Mg during addition of 3°C seawater to the hottest endmember fluids at Roman Ruins and Fenway are shown in Fig. 14 . If other fluids in each vent area represent conservative mixtures of the hottest co-located fluid and cold seawater they should fall on these mixing lines. Only fluids where at least two samples with consistent vent temperature measurements and Mg concentrations are plotted to prevent ambiguity introduced by seawater entrainment during sampling. Examination of Fig. 14 reveals that the clustered vents RMR4, RMR1 and RMR2 (Fig. 2b) display a conservative trend. At Fenway, the diffuse F5 vent appears to be a conservative mixture of seawater and the nearby F3 black smoker vent fluid. Vents F2 and F4 fall below predicted temperatures, suggesting that in some cases conductive cooling may be occurring in addition to mixing. Temperature loss due to the former could explain the anomalously low apparent pressure of quartz-fluid equilibrium for F4 vent, and possibly other fluids also (Fig. 10) . The agreement of measured temperatures and Mg concentrations with values predicted by the mixing model indicate a seawater source for the Mg in fluids. This strongly suggests that entrained seawater Mg behaves conservatively in many fluids during mixing even at relatively high upflow zone temperatures (>250°C). Investigations of alteration assemblages recovered during ODP Leg 193 suggest that abundant chlorite formed in the subsurface is likely the result of Mg metasomatism during interactions of upwelling hydrothermal fluids with entrained seawater (Lackschewitz et al., 2004) . While this contrasts with our finding that Mg may be largely conservative, the alteration assemblages likely reflect high cumulative water/rock ratios and we cannot exclude minor amounts of Mg fixation in upwelling fluids. SO 4 concentrations for the majority of Pual Ridge fluids are lower than predicted for conservative mixing of seawater and an endmember hydrothermal fluid devoid of Mg and SO 4 , yielding apparent negative endmember SO 4 concentrations at zero Mg (Fig. 4) . This further confirms fluids are venting with non-zero Mg concentrations and near zero SO 4 , consistent with non-conservative behavior of SO 4 relative to Mg during the mixing process. The deviations to negative apparent SO 4 endmembers are generally greater in fluids with higher Mg concentrations (Fig. 4) , which reflect greater extents of subsurface seawater entrainment. Calculated endmember Ca/Cl and Sr/Cl ratios are consistently lower in such fluids also ( Fig. 15a and 15b) .
Collectively, these data indicate anhydrite precipitation is occurring during mixing due to its low solubility at elevated temperatures, thereby removing Ca (and co-precipitating Sr) and seawater-derived SO 4 (Mottl and Holland, 1978; Shikazono and Holland, 1983; Berndt et al., 1988; Mills and Tivey, 1999) and skewing calculated endmember concentrations. In some cases, Sr losses are so great that it is additionally removed from entrained seawater in addition to the supply of Sr available in the upwelling hydrothermal fluid, thereby yielding negative apparent endmember concentrations (e.g. SC1 vent, Table 2 and Fig. 15b ). Such extreme Sr loss relative to Mg upon mixing provides an explanation for the implausible endmember 87 Sr/ 86 Sr ratio calculated at Snowcap (0.69768, Fig. 7 ) which is beyond the range possible for crustal materials (Banner, 2004) .
In some cases, variable anhydrite precipitation is evident in multiple fluids sampled in close proximity to one another (e.g. RGR1 and RGR2 at Roger's Ruins, Figs. 2b and 4) , suggesting that deposition may be occurring very near the seafloor or within sulfide structures themselves. Although mixing through 'leaky' walls of sulfide chimneys cannot be excluded at all vents (Haymon and Kastner, 1981; Goldfarb et al., 1983) , consistently high Mg samples were collected at SM3 vent after the near complete removal of the sulfide chimney (<1 m tall) and measured fluid temperatures before (279°C) and after removal (280-288°C) were similar. This suggests that some mixing is occurring beneath the seafloor and not within the removed structure at SM3. Shallow subsurface precipitation of anhydrite is entirely consistent with observations from ODP drill-cores which indicate that the abundant anhydrite deposits beneath the seafloor at PACMANUS contain partially seawaterderived SO 4 . In cases where several vent fluids are in close proximity to one another and may be genetically related, the apparent variability in measured Ca/Cl ratios due to anhydrite deposition is greatly reduced when such Ca loss is corrected. Using the deviations in measured SO 4 concentrations from conservative behavior to estimate SO 4 losses and assuming equimolar Ca loss for measured compositions, adjusted Ca/Cl ratios in each case delineate trends between seawater and a much narrower range of endmember Ca/Cl (Fig. 16 ). This suggests clustered vents at Roman Ruins, Roger's Ruins and Fenway reflect a common source fluid for each area that has undergone phase separation and partial segregation into fluids of differing Cl contents, followed by variable degrees of subsurface seawater entrainment into these fluids and concomitant anhydrite precipitation.
In addition to influence of mixing, some low temperature fluids at Pual Ridge, namely F5 vent and the single NE Pual fluid sampled (NP1), show evidence for extensive anhydrite dissolution and fixation of B. F5 vent (80°C) was a poorly focused flow vent emanating from anhydrite sand/ talus on the north flank of the Fenway mound (Fig. 2c) . In addition to the temperature and proximity considerations above, endmember alkali/Cl ratios (Table 3 and Fig. 11 ) at F5 are similar to those venting at the summit black smoker complex (F2, F3 and F4 vents) , further suggesting the fluid is a mixture of the summit source fluid and seawater. (Bischoff and Rosenbauer, 1985) and Mg concentrations are used as a conservative metric of mixing fraction between the hottest hydrothermal fluid and seawater compositions. The mixing lines assume a constant heat capacity for seawater below 200°C of 4.1 J/gK (the actual change in heat capacity below 200°C is <5%).
The striking feature of F5 and NP1 compositions are measured SO 4 concentrations (with near-seawater d 34 S SO 4 values) that are elevated relative to concentrations predicted for conservative mixing of endmember fluids (devoid of Mg and SO 4 ) and seawater (Fig. 4) . In addition to high apparent endmember Ca/Cl and Sr/Cl ratios (Table 3 and Fig. 15a and 15b ), these differences indicate that previously precipitated anhydrite is being re-dissolved by F5 and NP1 fluids, a likely consequence of the relatively low temperatures (<80°C) resulting from high degrees of mixing. Dissolution of anhydrite by active low temperature fluids has previously only been observed at 9°50 0 N on the East Pacific Rise (McDermott and Von Damm, 2008) and highlights the transient nature of Ca, Sr and SO 4 sinks in anhydrite. F5 and NP1 also differ from higher temperature Pual Ridge fluids in the behavior of B, as negative endmember concentrations are apparent upon extrapolation of measured B concentrations to zero Mg (Table 2) . Like Sr, this implies removal of seawater-derived B in F5 and NP1 fluids in addition to the B complement of their parent hydrothermal fluids. The most plausible explanation for these depletions is that low temperature fixation reactions have decreased the abundances of B prior to venting (Fig. 8) . Laboratory and field studies have shown that fixation of B from seawater solutions occurs during low temperature (<150°C) alteration of basaltic oceanic crust and likely sinks for B include alteration assemblages composed of ferric micas and smectites (Seyfried et al., 1984; Alt, 1995) .
The pervasive nature of subsurface seawater entrainment apparent at Pual Ridge vent areas indicates a more open hydrologic regime beneath Pual Ridge compared to Vienna Woods and traditional MOR systems. Subsurface mixing at the TAG hydrothermal system was attributed to a 'leaky mound' model whereby seawater ingress is facilitated by the permeable anhydrite-sulfide breccia deposits of the TAG mound (Edmond et al., 1995; Humphris et al., 1995; Tivey et al., 1995; Humphris and Tivey, 2000) . Aside from the Snowcap area, however, many of the mixed fluids at Pual Ridge are emanating from comparatively small sulfide structures atop rugged volcaniclastic flows. Meter-scale fissures were largely absent on the surface (Tivey et al., 2006) , and it is possible fluid flow may instead be focused through contact zones between lava flows or subsurface networks of fractures/conduits . The possibility that the blocky, highly vesicular and brecciated volcaniclastic nature of lavas at Pual Ridge contributes to the mixing regime must also be considered. Monecke et al. (2007) demonstrated that hydrothermal alteration in glassy dacites from the surface of Pual Ridge is influenced by primary volcanic textures and that some fluid flow occurs through vesicles interconnected by perlitic cracks/quench fractures. Enhanced permeability and fluid flow due to volcanic textures has been suggested for other back-arc hydrothermal systems (Ishibashi and Urabe, 1995) , and may be an inherent consequence of the volatile-rich nature of precursor magmas in these environments.
Secondary acidity generation
An important consequence of the seawater entrainment and mixing beneath the seafloor at Pual Ridge is the deposition of iron sulfide minerals and production of secondary acidity in addition to that derived from magmatic fluid input at depth. Cooling induced by seawater mixing reduces both the stability of iron chloride complexes and the solubility of iron sulfides, resulting in the removal of Fe from solution. Iron sulfide deposition can be described by the reactions: 
All of these reactions result in the generation of acidity. Because of the higher Fe content (several mmol/kg) of Pual Ridge fluids relative to Cu (<1 mmol/kg, Craddock, 2008) , deposition of pyrrhotite (FeS) or pyrite (FeS 2 ) will likely have a greater impact of fluid pH than chalcopyrite (CuFeS 2 ). The extent of Fe precipitation at PACMANUS can be qualitatively assessed by examining Fe/Mn ratios, since Fe precipitation from high temperature vent fluids during cooling is a relatively rapid process while Mn precipitation is kinetically inhibited (Seewald and Seyfried, 1990) . Accordingly, initial Fe/Mn ratios of endmember hydrothermal fluids should show apparent decreases with increased cooling (due to mixing), resulting in substantial secondary acidity generation according to reactions (5)- (7). This trend is observed between fluids in several PACMANUS vent areas, where both pH and calculated endmember Fe/Mn ratios are lower in fluids with higher Mg concentrations ( Fig. 15c and 15d ). These data suggest that differences in pH between co-located higher-and lower-temperature vent fluids reflect local modification by mixing-induced sulfide precipitation reactions that decrease pH below the already low values. The impact of these reactions is considerable given the extremely high (mmol/kg) Fe contents of Pual Ridge fluids. The predominance of pyrite as the most abundant disseminated sulfide in ODP Leg 193 alteration lithologies and the apparent lack of abundant pyrrhotite in either the ODP drill-cores or chimney structures Craddock, 2008) suggests that pyrite precipitation (reaction (6)) is responsible for Fe removal. This is also consistent with the relatively oxidizing redox conditions (as indicated by the aqueous H 2 concentrations) that fall at the low end of the spectrum for ridge-crest hydrothermal fluids (Seyfried and Ding, 1995b; Von Damm, 1995) . However, reaction (6) must produce equivalent moles of H 2 for each mole of Fe deposited and H 2 in Pual Ridge fluids does not approach the mmol/L levels expected for the quantities of Fe removal evident. Hence, an additional sink is required to consume H 2 . The only species present in sufficient quantities that is capable of oxidizing H 2 in near-seafloor mixing zones is SO 4 , which is abundantly present in entrained seawater and as anhydrite. Reduction of SO 4 by H 2 can be represented by the reaction:
That each mole of SO 4 requires 4 moles of H 2 for complete reduction indicates that reaction (8) could be a very efficient sink for H 2 generated by pyrite precipitation. Moreover, the kinetics of this reaction are greatly enhanced by the highly acidic nature of these fluids, requiring timescales of a few hours to reach near-equilibrium states at subsurface conditions (Ohmoto and Lasaga, 1982 (Woodruff and Shanks, 1988; Shanks et al., 1995) suggests that anhydrite SO 4 may be involved. In most cases, the decreases in pH observed for small amounts of seawater mixing are not as large as predicted from the apparent loss of Fe suggesting other reactions may be titrating secondary acidity generated by Fe-sulfide precipitation. This may reflect remobilization of other metals (e.g. Zn, Au, Ag and Pb), suggesting that 'zone refinement' may be occurring. Tivey et al. (1995) demonstrated that such remobilization of metals was occurring within the TAG hydrothermal mound as a direct result of modification of high temperature fluids by subsurface seawater entrainment.
SUMMARY
The chemical and isotopic compositions of vent fluid samples collected from hydrothermal vent fields located on the Manus Spreading Center (Vienna Woods) and Pual Ridge (PACMANUS and NE Pual) in the Manus back-arc basin have been determined. The sites differ substantially in both substrate type (mafic at Vienna Woods vs. felsic at Pual Ridge) and proximity to the New Britain subduction zone (Pual Ridge is closest). Six areas of venting were sampled at PACMANUS, including a large area (Fenway) discovered during this expedition where vigorous 2-phase venting of 358°C fluid was observed, and one low temperature fluid was sampled at NE Pual. Distinct differences between the chemistries of fluids at Vienna Woods and Pual Ridge indicate that while processes of water-rock interaction and phase separation are common to both, inputs of acidic magmatic fluids and entrainment of seawater into the subsurface exert substantial influence on fluid compositions at Pual Ridge.
All fluids at Vienna Woods are characterized by a high degree of uniformity and are compositionally similar to mid-ocean ridge basalt-hosted hydrothermal systems. Since the site was first sampled in 1990, the major element composition of fluids there have remained relatively constant. High absolute abundances and differing molar ratios of 'soluble' alkali elements and B in Pual Ridge fluids relative to those at Vienna Woods reflect hydrothermal interaction with the more arc-like crust of the Eastern Manus Volcanic Zone. Fluids from Pual Ridge display Cl variability which, combined with trends of 'soluble' elements and dissolved gas abundances with Cl, indicates that fluids have undergone phase separation even though measured exit temperatures for most vents are much lower than the 2-phase boundary for seawater. Vienna Woods fluids are substantially cooler than the 2-phase boundary, hence either extensive conductive cooling must be occurring or the chronic venting of high Cl fluids there reflects residual brine entrainment.
Measured pH (25°C) values in low Mg fluids at Pual Ridge differ from those of Vienna Woods in that values are far lower than that expected for equilibrium buffering by host rock mineral assemblages, suggesting the involvement of magmatic fluids containing acid-volatile constituents (i.e. SO 2 ). The extremely high dissolved metal contents and ubiquitous negative dD H 2 O values found at PACMANUS are also consistent with the input of highly acidic magmatic fluids at depth to seawater-derived hydrothermal fluids. However, extremely high CO 2 concentrations (up to 274 mmol/kg) and negative The ubiquity of non-zero measured Mg concentrations in Pual Ridge fluids relative to Vienna Woods indicates that subsurface entrainment of seawater into hydrothermal fluids during upflow is pervasive at the former site and the various vent areas delineate a spectrum of subsurface mixing regimes. Trends of increasing non-conservative SO 4 behavior, decreasing endmember Ca/Cl and Sr/Cl ratios with increased seawater admixing within vent areas demonstrate that subsurface precipitation of anhydrite is commonplace and is substantially modifying the Ca and Sr fluxes of high temperature fluids. Furthermore, these observations are accompanied in several cases by trends of decreasing endmember Fe/Mn ratios and decreasing measured pH (25°C) with increasing Mg, implying that iron sulfide deposition is also occurring in the subsurface and is leading to secondary acidity production.
